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‘Labwindows’ Boerstal leverde een belangrijke bijdrage door onder meer in een week tijd 
een compleet meetprogramma voor mijn HPLC-opstelling in elkaar te sleutelen.
Jan van Bentum ben ik zeer erkentelijk voor zijn betrokkenheid bij, en zijn bijdrage 
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Ik wil Marcel Warntjes, Xavier Dauw, Dirk-Jan van den Heuvel, Jan Schmidt en Edgar 
Groenen uit Leiden bedanken voor de goede en vruchtbare samenwerking van de afgelopen
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van Smaalen, Robert Dinnebier en Wall  e r  Schnelle was van essentieel belang. Voorts ben 
ik Ad van der Avoird, Beat Meier en Sander van Smaalen zeer erkentelijk voor het grondig 
lezen van het manuscript.
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Chapter 1
General introduction
Abstract
In this thesis, results are presented on the dynamics of CO molecules isolated in a matrix 
of solid C60. These results have been obtained using a variety of experimental techniques 
combined with detailed theoretical calculations. In this introductory chapter, a historical 
overview is given of the development of the matrix isolation method, which is a technique 
for the experimental study of isolated molecules. Furthermore, a few examples of recent 
applications of the matrix isolation method are reviewed. The properties of solid C6 0  
relevant for its use as a matrix material, like its structure and spectroscopic properties, are 
discussed. Finally, an outline of the rest of the thesis is given.
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1.1 M atrix isolation spectroscopy
In 1954, the matrix isolation method was simultaneously proposed by G, Porter [1] and 
by G.C. Pimentel [2 ] as a method for the experimental study of unstable molecules. The 
proposed method is based on the accumulation of the unstable molecules of interest in a 
solid matrix of inert material, either crystalline or glassy. At sufficiently low temperatures, 
the matrix will prevent diffusion of the molecules, thus holding the molecules of interest 
effectively immobile in a non-reactive environment [2], About two years later, Becker and 
Pimentel reported the first observation of infrared spectra of reactive molecules, like the free 
radical N 0 2  and hydrogen bonding molecules (HBr, HCN and others), trapped in xenon, 
argon or nitrogen matrices at 20 K, It was concluded that the vibrational frequencies of 
these molecules isolated in a matrix are nearly the same as their frequencies in the gas 
phase [3],
In 1961, Linevskv extended the field of matrix isolation spectroscopy to the study 
of low-vapor-pressure molecules by combining the technique of matrix isolation with a 
Knudsen effusion source [4], Conventional methods for measuring spectra of molecules 
having a low vapor pressure at room temperature depended on heating the molecules 
in a furnace until a sufficiently high vapor pressure is obtained. The spectra obtained 
using these methods are often rather complex due to hot bands. Furthermore, reactions 
of the molecules with the furnace walls can cause difficulties, and achieving sufficiently 
high vapor pressure of the molecules can be a problem. Using a cold substrate on which 
the low-vapor-pressure molecules, effusing from a Knudsen cell, have been co-deposited 
with an excess of a matrix gas, spectra of the isolated low-vapor-pressure molecules at low 
temperature can be obtained [4], The spectroscopic study of unstable molecules remained 
the main application of matrix isolation spectroscopy, however. In 1966, Andrews and 
Pimentel showed that lithium-nitroxide can be formed through a reaction of lithium atoms 
and nitroxide in a solid argon matrix at high dilution, and reported infrared spectra of 
several different isotopes of lithium-nitroxide. For this, lithium effusing from a Knudsen 
cell was co-deposited with a pre-mixture of argon and nitroxide onto a cold substrate and 
accumulated on the substrate during typically twenty-four hours. From an analysis of the 
effects of the isotopic substitutions on the vibrational frequencies, the molecular structure 
of lithium-nitroxide was determined as LiON rather than LiNO [5], At that time, Milligan 
and Jacox successfully applied the technique of photo-dissociation of suitable precursors 
isolated in the matrix at low temperature to produce isolated unstable molecules, like free 
radicals. When the photo-dissociation process produces a non-reactive fragment which 
is trapped in a neighboring matrix site, the other fragment, i.e., the free radical, can be 
stabilized in the matrix. In this way, they were able to obtain the infrared spectra of a 
whole series of free radicals, like NH [6 ], HC2 [7], NCO [8 ] and many more.
Once more the field of matrix isolation spectroscopy was extended by the first successful 
Raman studies on matrix isolated molecules in the early 1970s, The Raman spectrum of, 
for instance, SF6  in an argon matrix at 4 K was recorded by Shirk and Claassen [9], The 
progress in matrix isolation spectroscopy until about 1970 is covered in a comprehensive 
survey edited by Hallam [10], The rapid development of laser techniques and the introduc­
tion of the Fourier transform spectrometers provided amongst others the setting in which
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the field of matrix isolation spectroscopy has matured.
Nowadays, the matrix isolation technique is well-established although there is a strong 
competition with the supersonic molecular beam techniques by which completely isolated 
(unstable) molecules can be studied [11], In comparison with the molecular beam method, 
the matrix isolation technique has often some drawbacks, like the loss of rotational infor­
mation and the shifts of transition frequencies, but it has remained, nevertheless, a valuable 
and useful technique. Recently, Bondvbev et al. have reviewed the new developments in 
matrix isolation spectroscopy [12], First of all, the matrix isolation technique can provide 
valuable foreknowledge for high-resolution molecular beam studies on (unstable) molecules 
with unknown spectra. In the matrix, the unknown molecules can be accumulated for min­
utes or even for hours, and subsequently its absorption spectrum can be recorded from the 
far-infrared up to the ultraviolet. Additional information can be obtained by recording, for 
instance, laser-induced fluorescence (LIF) spectra of the molecular species trapped in the 
matrix. Secondly, the study of energy levels of a molecule that are not accessible from the 
ground state via an allowed transition in the gas phase can be performed. In the matrix, 
it is often possible to populate these levels by a combination of excitation of higher-lying 
levels and non-radiative relaxation processes. In addition, the selection rules of gas phase 
transitions are often relaxed in a matrix making a direct excitation of these levels possi­
ble, Finally, the matrix isolated molecules can be regarded as simplified and structured 
‘solutions’. In this case, the interactions between the guest and host molecules/atoms, 
the structure of the ‘solutions’, and the dynamics and relaxation behavior of the guest 
molecules in the matrix sites are of particular interest. There has thus been a shift to 
emphasis on the matrix effects, which previously were regarded as a nuisance of the matrix 
isolation technique [12], Examples of applications of the matrix isolation technique in each 
of these areas will be given below,
1.2 Choosing the matrix material
Already in 1956, Becker and Pimentel composed a list of desirable properties of a matrix 
material [3], First of all, the matrix must generally be inert towards to a reaction with the 
molecule of interest. Therefore, a rare gas is well suited for use as a matrix material, but 
often a nitrogen or hydrocarbon matrix can be effective too. Secondly, the matrix must be 
sufficiently rigid to prevent diffusion of the molecules of interest through the matrix. The 
loss of rigidity of the matrix with increasing temperature generally sets an upper limit to 
the temperature at which the matrix can still be used. This so-called diffusion temperature 
is, for instance, 10 K for neon, 35 K for argon and 65 K for xenon [10],
Furthermore, the structure and dimensions of the lattice (substitutional) sites or in­
terstitial sites of the matrix should allow for the accommodation of the guest molecules. 
In figure 1.1(a) two layers of close-packed spheres are shown schematically, and the two 
different kinds of interstitial sites have been indicated as and Oh■ The maximum di­
ameter of the sphere that can be contained by the octahedral site Oh is ( - \ / 2  — 1  )d and 
that by the tetrahedral site Td is (i/3 /2  — 1 )d, where d is the diameter of the close-packed 
spheres. The third layer of spheres can be added to the close-packed layers in two different
16 Chapter 1
(a) (b)
Td °h
Figure 1.1: (a) Two close-packed layers of spheres are shown, and the tetrahedral Tci and 
the octahedral Oh interstitial sites are indicated, (b) Three layers of spheres, which are cubic 
close-packed (ADCADC  stacking) corresponding to a face-centered cubic lattice (fee), are 
shown. Repeated stacking of the two layers shown in (a) results in a hexagonal close-packed 
lattice (hep) (AD AD AD stacking).
ways. When the spheres of the third layer are positioned above those of the first layer and 
so on, a hexagonal elose-paeking (hep) of spheres is obtained which is a repetition of the 
two close-packed layers shown in figure 1.1(a) (A B A B A B  stacking). When the spheres of 
the third layer are placed at positions different from those of the first two layers as shown 
in figure 1.1(b) and so on (A B C A B C  stacking), a cubic close-packing of spheres alias a 
face-centered cubic lattice (fee) is obtained. The maximum diameters of the spheres th a t 
can be contained by the substitutional, octahedral and tetrahedral sites of several ma­
trix  materials are listed in table 1,1, It is evident from this table th a t a diatomic guest 
molecule, for example a CO molecule with an estim ated van der Waals length of 4,5 A [13], 
will occupy a substitutional site in most matrices.
Finally, the m atrix should not have any significant absorptions in the spectral region 
of interest nor cause scattering of a large fraction of the incident light. The rare gases, but 
also nitrogen and hydrogen are transparent throughout the whole spectral region except 
for the far ultraviolet part of the spectrum.
1.3 Experim ental aspects of m atrix  isolation spectroscopy
A conventional set-up for performing m atrix isolation spectroscopy generally consists of 
a source producing a beam of the molecules to be investigated, a je t of the m atrix gas, 
a suitable substrate at low tem perature and a spectroscopic tool box. Depending on the 
nature of the molecules of interest the source can be a plain gas jet, a Knudsen effusion cell, 
a laser desorption/ablation source, a photo-dissociation source, an ion source, or something 
else. The beam from the source is co-deposited with the m atrix gas jet onto the substrate 
which usually is mounted in a helium flow cryostat, and the m atrix is grown typically in an 
hour. Ideally, the m atrix grown on the substrate can then be investigated using a variety
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Table 1.1: Diameters o f the spheres that f it  in the different sites o f the close-packed crystal 
structures of several matrix materials [10,14,15]
Matrix
material
Substitutional
(A)
Octahedral
(A)
Tetrahedral
(A)
Structure
Ne (4 K) 3.16 1.31 0.71 fee
Ar (4 K) 3.76 1.56 0.85 fee
H2 (4 K) 3.79 1.57 0.85 hep
Kr (4 K) 3.99 1.65 0.90 fee
CH4  (4 K) 4.15 1.73 0.94 fee
Xe (4 K) 4.34 1.80 0.97 fee
C6 0  (298 K) 1 0 . 0 4.14 2.25 fee
of spectroscopic techniques, like infrared and visible absorption spectroscopy, Raman spec­
troscopy, and laser induced fluorescence (LIF), In addition, electron spin resonance (ESR) 
spectroscopy is used frequently to investigate open-shell molecules trapped in a matrix.
In the matrix-deposition process, the mole ratio of the matrix material to the molecules 
of interest M /A ,  the deposition rate and the substrate temperature are rather critical. 
Generally, the mole ratio M /A  should be as high as possible to reduce the statistical 
probability of two or more guest molecules occupying neighboring sites while keeping the 
signal to noise ratio on an acceptable level, A typical value of M /A  lies in the range 
between 100 and 5000, Both the deposition rate and the temperature of the substrate are 
found to strongly influence the structural properties of the deposited matrix. For instance, 
it has been observed that xenon forms a reasonably transparent matrix when deposited at 
6 6  K, yet xenon is highly scattering when deposited at 50 K [3],
1.4 Applications of matrix isolation spectroscopy
1.4.1 Electronic spectroscopy of carbon chains
Carbon chains are considered as possible carriers of the diffuse interstellar bands (DIBs)
[16], which are nearly two hundred interstellar absorption bands between 400 and 900 nm
[17] with a so far unknown origin. Using a combination of mass spectrometry and matrix 
isolation techniques, Maier and co-workers have successfully recorded the electronic spectra 
of several carbon chains of different lengths and of their derivatives [18,19],
In order to do so, an ion source capable of delivering several nano-amperes of mass- 
selected ion current has been developed. The carbon chain anions are produced in a cesium 
sputter source. In this source, cesium cations are accelerated towards a graphite rod and 
the resulting carbon anions are extracted. The hydrogen or nitrogen containing derivatives 
of carbon chain ions are produced in a discharge source using different precursor gases, 
like diacetvlene or eyanoaeetylene. The produced ions are bent around a corner using an 
electrostatic deflector, subsequently selected using a high transmission quadrupole mass-
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spectrometer, and finally directed onto the matrix substrate using a set of electrostatic 
lenses. An excess of neon gas is co-deposited on the substrate, kept at a temperature of 5 K, 
as matrix material. In this way, a 150 fxm thick neon matrix containing ions at densities of 
101 5 -1016 cm” 3 is grown typically in two hours. The carbon chain anions can be neutralized 
by irradiation of the matrix with broad band UV light. Electronic absorption spectra of 
the trapped carbon chains in the 2 2 0  to 1 0 0 0  nm region are measured by propagation of 
the light through the thin side of the matrix, i.e., parallel to the surface of the substrate, 
resulting in an absorption path length of about 2  cm.
The understanding of the electronic transitions of these carbon chains and their iso- 
electronic species containing hydrogen and/or nitrogen, and the trends apparent for these 
homologous series have pointed out which type and size of carbon chains are relevant for 
consideration as carriers of the DIBs [18], In addition, the obtained knowledge on the 
wavelength region of the transitions of these species has facilitated the gas phase mea­
surements, As a result, the absorption spectrum of gas phase Cf has been measured and 
striking matches with a few of the DIBs have been reported [19],
1.4.2 Spectroscopy of solid hydrogen
In quantum crystals, which consist of weaklv-bound particles with a low mass, the am­
plitude of the quantum mechanical zero-point motion of the particles in the lattice is 
comparable to the distance between them, and as a result quantum effects dominate the 
properties of these crystals. Solid hydrogen is a fundamental example of a molecular 
quantum crystal. Because of the large intermoleeular distance and the nearly spherical 
electronic charge distribution, the hydrogen molecules rotate and vibrate nearly freely in 
the crystal. The two species of molecular hydrogen, which are ortho-H2  (odd J) and para- 
H2 (even J), may be regarded as separate species in the hydrogen crystal. Almost pure 
para-hvdrogen crystals (ortho-H2 <l% ) with a length of up to 11,5 cm and a diameter of
2 cm are used typically for absorption measurements [14], These crystals are obtained by 
passing high-puritv hydrogen gas through a liquid helium cooled ortho-para converter and 
pulsing it into a copper cell maintained at a temperature of 7 K, After cooling the cell down 
to liquid helium temperature, optically transparent and probably polvcrvstalline crystals 
are obtained [2 0 ],
Already in 1955, the pure rotational infrared transition with A J = 2  (5-branch) and its 
corresponding rovibrational (v=l-<—0 ) infrared transition, which both are dipole forbidden 
in gas phase hydrogen, have been observed in solid hydrogen [2 1 ], About a quarter of a 
century later, the corresponding transitions with an angular momentum change of A J= 4  
([/-branch) have been observed [22,23], Using a tunable infrared laser with a narrow 
bandwidth, the group of Oka observed for the first time the pure rotational A J = 6  (W- 
branch) transition of para-hvdrogen in an almost pure para-hvdrogen crystal. The line 
width of this transition is found to approach those seen typically in gas phase spectra, and 
its transition frequency is shifted only marginally from the predicted gas phase value [2 0 ], 
In addition, a rich spectrum composed of hundreds of even sharper features has been 
observed around the fundamental Q-branch (A J= 0 , r =  1 «—0 ) of solid hydrogen using the 
same infrared laser [24], Using a high-resolution Fourier transform spectrometer and a
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multipassing set-up, the A J = 6  transitions of ortho-H2  in an almost pure para-H2 crystal 
(1% ortho-H2) and the pure rotational A J = 8  (V-branch) transitions of para-H2  have been 
observed [25], It should be noted that such high A J  rotational transitions are highly 
forbidden in the gas phase, and acquire some intensity in the solid by complex manv-bodv 
interactions between neighboring hydrogen molecules [26], In a review article, Oka has 
summarized the results obtained on solid hydrogen thus far as follows: ‘many beautiful 
spectra, and scarce theoretical understanding’ [14],
1.4.3 Vibrational energy transfer between CO and 0 2
Highly vibrationallv excited oxygen molecules play an important role in atmospheric chem­
istry as chemical reactions often involve molecules in high vibrational levels. The group of 
Dubost has performed a detailed study on the vibrational energy transfer between highly 
vibrationallv excited CO and 0 2 in rare gas matrices [27], This research was triggered by 
the observation of strong fluorescence from electronic states of 0 2 when resonantly exciting 
the stretch vibration of CO in a rare gas matrix co-doped with 0 2 and CO, In previous 
studies, it has been observed that the vibrational excitation of a CO molecule in a rare gas 
matrix is rapidly exchanged with neighboring molecules by resonant dipole-dipole energy 
transfer and that the vibrational excitation of neighboring molecules is pooled in one CO 
molecule by non-resonant phonon-assisted energy transfer [28], The latter process is sim­
ilar to the well-known anharmonic V-V or Treanor pumping of diatomic molecules in the 
gas phase [29], and results in a high vibrational excitation of the CO molecules in the rare 
gas matrix.
In the C 0 -0 2 experiments [27], 1 3 C180  molecules in an argon matrix have been excited 
using a color-center laser resonant with the first overtone of 1 3 C 1 8 0 , and simultaneously 
the vibrational excitation of CO has been monitored via the overtone (Aw=2 ) fluorescence. 
In this way, vibrational excitation of 1 3 C180  in the argon matrix up to the w=38 level has 
been observed. The addition of 0 2 results in a quenching of the vibrational fluorescence of 
CO and in a cut-off of the vibrational population of CO at v=lh. The population of the 
vibrational levels in the electronic ground state of 0 2  has been probed via laser induced 
fluorescence of the A'<—X  transition, and population in vibrational levels of 0 2  up to v=lh  
has been observed. These 0 2 molecules have been heated vibrationallv by near resonant 
energy transfer from 1 3 C180  (v>21) to 1 6 0 2  (w>0) induced by dipole-quadrupole interac­
tion, It has been found that the population in the higher vibrationallv excited levels of the 
oxygen molecules decays mainly via non-radiative processes, like multi-phonon relaxation 
and internal conversion to electronically excited states. The vibrational energy transfer 
from CO to 0 2 in the argon matrix has enabled the study of these non-radiative processes, 
which usually are masked in hetero-nuclear diatomics by the much faster radiative decay.
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1.5 Fullerenes
In their Xobel-price winning article, Kroto e.t al. proposed, inspired by the work of the 
architect Buckminster Fuller, a remarkable structure for the all-carbon cluster consisting of 
sixty carbon atoms in order to explain its extraordinary stability as observed in their laser 
vaporization experiments [30], The proposed structure, dubbed Buckminsterfullerene, is 
a truncated icosahedron consisting of twelve pentagons and twenty hexagons which are 
arranged symmetrically, and it is better known as the structure of the soccerball. The 
truncated icosahedron (Ih symmetry) structure of the C60 molecule is shown in figure 1.2(a), 
From Euler’s network-closure requirement,
12 =  3/i.., +  2714 +  Ins +  0 iia — h i-  — 2ng — ... (1.1)
it follows tha t, in a closed network consisting solely of pentagons and hexagons, the 
number of pentagons is fixed (n5=12) and the number of hexagons (n6) is arbitrary. As 
a result, the C60 molecule is only the prototype of a whole class of carbon molecules, all 
consisting of a network of carbon atoms arranged to form twelve pentagons and a varying 
number of hexagons, the class of the fullerenes. An additional criterion for the stability of 
a fullerene is the isolated pentagon rule (IPR), which states th a t the pentagons, the centers 
of curvature, should be separated from each other by hexagons. The soccerball structure 
of Cfio is the smallest cage structure which fulfills the IPR, and the next cage structure 
fulfilling IPR  is the football structure {D-ih symmetry) of C70 (see figure 1.2(b)).
In 1990, the field of fullerene research was boosted by the discovery by Kratsehmer 
e.t al. [31,32] of an astonishingly simple technique for producing macroscopic quantities 
of fullerene material. Via resistive heating of graphite rods, carbon was evaporated in 
the presence of an inert quenching gas (>100 Torr He), and the produced carbon soot 
was collected. In this way, carbon soot containing on the order of a percent of fullerene
(a) (b)
Figure 1.2: The structures of the Cf>o molecule possessing I/j symmetry (a) and of the C70  
molecule possessing D^h symmetry (b).
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material was produced, and via extraction of the carbon soot with organic solvents the 
fullerenes were isolated, Haufler et al. have optimized this ‘carbon arc; production method 
resulting in a C60 production rate of more than 10 grams per day [33], Nowadays, ehro- 
matographically purified C60 powder (purity >99,9%) can be purchased in gram quantities 
from several chemical companies at a cost of approximately $75/gram  [34],
1.6 Solid C6o as m atrix  m aterial
1.6.1 S tr u c tu re  o f so lid  C 60
The intermolecular interaction between Cm molecules stems mainly from weak van der 
Waals forces, and therefore solid C60 is classified as molecular crystal. In a molecular 
crystal, many properties of the molecular building blocks are altered only slightly, and 
the crystal structure can be regarded basically as a framework th a t fixes the molecules in 
space. At room tem perature, the C60 molecules are rotating rapidly in the solid [35,36], 
and they can be treated as spherical shells to a good approximation [37], Although in 
first instance the crystal structure of C60 at room tem perature has been determined as 
hexagonal close-packed (hep) [32], it is now well-established th a t the equilibrium crystal 
structure of high purity C60 at room tem perature is face-centered cubic (fee) [15], The 
conventional cell of an fee lattice is shown in figure 1.3(a). Though this conventional cell 
contains fractions of fourteen lattice points (C60 molecules), it only contains four complete
F igure 1.3: (a) Schematic view of the conventional cell of the face-centered cubic lattice 
(FmZm ) of Cf>o- The black dot in the center of the unit cell marks the position of the 
octahedral site contained fully by this unit cell. For clarity, only the positions of the Cf>o 
molecules at the corners of the cube and on the face centers are indicated with small circles. 
Actually, neighboring Cf>o molecules are touching each other, (b) Schematic view of the 
conventional cell of the simple cubic low-temperature lattice (Pa3) of Cf>o- Cf>o molecules 
corresponding to circles with different filling patterns are orientationally inequivalent. The 
remaining symmetry elements, a C$ axis and an inversion center i, are indicated.
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Figure 1.4: Two views along an axis joining centers o f nearest neighbor Cro molecules, 
(a) A pentagon of the nearest molecule faces a double bond on the more distant molecule, 
denoted the p-orientation. (b) A hexagon of the nearest molecule faces a double bond on the 
more distant molecule, denoted the /i-orientation. This figure is reproduced from Copley et 
at [38],
lattice points. The octahedral interstitial site contained fully by this unit cell is marked 
with a black dot, and the other octahedral sites are located on the centers of the edges 
of the unit cell. As the unit cell contains also four complete octahedral sites, the ratio 
of octahedral sites to C6 0  molecules in the lattice is 1  : 1 , The eight tetrahedral sites are 
located on the body diagonals of the unit cell close to the corners. The diameters of the 
spheres that fit in the different sites of the C6 0  lattice, calculated using a lattice constant of 
14,17 A [15], are listed in table 1,1, The diameter of the octahedral sites of the C6 0  lattice 
is comparable with or larger than those of the substitutional sites of the other species listed 
in table 1,1, This suggests that atoms and even small molecules can be accommodated 
by the octahedral sites of the C6 0  lattice without disturbing the close-packing of the C6 0  
molecules too much.
The almost free rotation of the C6 0  molecules in the solid changes abruptly to jump­
ing between symmetry (in)equivalent orientations at the orientational ordering transition, 
which in high purity C6 0  is found at a temperature of 260 K [36], This orientational or­
dering transition results in a lowering of the crystal symmetry of solid Cro from FrnSrn 
(fee) to Po3 (simple cubic) [15], The simple cubic (sc) conventional cell of C6 0  below the 
ordering transition is shown in figure 1.3(b), In this figure, the C6 0  molecules correspond­
ing to circles having different filling patterns are oriented differently according to the Po3
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symmetry of the lattice. Each of these four different orientations is obtained from C6 0  in 
its ‘standard orientation’, in which three C2 axes and four C3 axes of the C6 0  molecule 
are aligned with three edges and the four body diagonals of the unit cell, respectively, 
by rotation through the same angle 4> but about a C3 axis aligned with a different body 
diagonal. As a consequence of this orientational ordering, the symmetry of the ‘octahedral’ 
site and the ‘tetrahedral’ site are lowered to Sq (a C3  axis and an inversion center i) and 
C3 , respectively. In the case of an ideal orientational order, all molecules are rotated by 
the same angle 4> indeed. In solid C60, however, an amount of orientational disorder caused 
by C6 0  occupying two symmetry inequivalent orientations with different angles 4> has been 
observed [39], These two orientations of C6 0  are shown schematically in figure 1,4, In the 
energetically more stable p-orientation (see figure 1.4(a)), electron-poor pentagons of a C6 0  
molecule are facing electron-rich double bonds of neighboring C6 0  molecules. In the less 
stable /i-orientation (see figure 1.4(b)), electron-poor hexagons of a C6 0  molecule are fac­
ing double bonds of neighboring C6 0  molecules [39], Just below the orientational ordering 
transition, the C6 0  molecules are jumping rapidly between their sixty symmetry equivalent 
orientations and between the p- and /i-orientations. When the temperature decreases, the 
fraction of p-oriented C6 0  increases and the jump rate of the C6 0  molecules decreases. Below 
the glass transition (Tgpz90 K), the C6 0  molecules appear to be static on the experimental 
time scale and the ratio between p- to h-oriented C6 0  is frozen at approximately 5 : 1  [39],
1.6.2 IR properties of solid C60
An infrared (IE) absorption spectrum of a molecule is considered to be a fingerprint of its 
composition and structure. Due to the high symmetry of the C6 0  molecule, the number of 
distinct vibrational eigenmodes of C6 0  is substantially lower than the number of internal 
degrees of freedom (174), This can be seen from the group theoretical classification of the 
vibrational eigenmodes of C6 0  [40]:
^vib{Cm) =  2 A g +  STig +  I / '-2,, +  6  Gg +  8  Hg +  Au +  4Tiu +  5T2u +  6  Gu +  7 Hu
Thus, the icosahedral C6 0  molecule has only 46 distinct vibrational eigenmodes. The 
number of observable eigenmodes is reduced further by the selection rules for Raman and 
IE transitions, which state that the Ag and Hg modes are Raman-active and that the 
Tiu modes are IE-active, As a result, the C6 0  molecule possesses in principle ten Eaman- 
aetive modes and only four IE-active modes. Actually, Kratsehmer et al. have used the 
observation of four distinct IE  absorptions in their carbon soot samples, matching the IE 
fingerprint of C60, and the behavior of these modes upon 1 2 C ^ 13C isotope substitution to 
evidence the presence of macroscopic amounts of C6 0  in these soot samples [31],
The measured IE  spectrum of a C6 0  film at room temperature is shown in figure 1,5, 
and the four IE allowed transitions of C6 0  have been indicated. The frequencies of these 
four modes are determined as 526,8, 575,8, 1183,0 and 1429,5 cm " 1 in good agreement 
with those obtained by others [31,41], The inset of figure 1,5 shows the high frequency 
part of the IE spectrum on an expanded vertical scale. Numerous weak IE  modes are
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Frequency (cm 1)
Figure 1.5: A Fourier transform infrared absorption spectrum of a Cro film at room temper­
ature is shown. This spectrum is measured on a Bruker IFS 66v FTIR spectrometer using a 
spectral resolution of 0.2 cm” 1 and a 5 ¡j,m thick film. The quantity a  represents the ‘base-e’ 
absorption coefficient of the Cro layer. The four infrared allowed transitions o f Cro {T\u) have 
been indicated. The inset shows the infrared absorbance of Cro in the high frequency part of 
the spectrum on an expanded vertical scale. This spectrum has been measured using a Cro 
single crystal with a thickness of about 1 mm and a diameter of about 1.5 mm.
observed in this frequency region in full accord with observations made by others [42], 
These weak modes have been identified with second-order combination modes of C6 0  [42], 
The effect of the crystalline environment on the IE spectrum of C6 0  is weak but observable. 
The symmetry lowering of the crystal structure of C6 0  due to the orientational ordering 
transition, for example, induces splittings and IE-aetivation of vibrational modes of the 
C6 0  molecule [43],
1.6.3 NM R properties of solid C6o
When a nucleus possessing a non-zero magnetic moment (spin) is placed in an external 
magnetic field, its energy levels are split due to the Zeeman effect. In a nuclear magnetic 
resonance (NME) experiment, the radio-frequency (EF) resonances between these energy 
levels are detected. The resonance frequency depends linearly on the strength of the 
magnetic field experienced by the nucleus, and the proportionality constant is the so-called 
gvromagnetie ratio. For a nucleus located in a molecule, the local magnetic field is slightly 
different from the external magnetic field due to shielding of this field by the electrons
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Figure 1.6: 13C NMR spectrum o f solid Cro at room temperature measured under magic- 
angle spinning (MAS) conditions. This spectrum is measured on a Bruker AM500 spectrom­
eter using a MAS probehead o f Doty Scientific. The inset shows the NMR line o f Cro on 
an expanded scale revealing a weak sideband. The features marked with an asterisk (* ) are 
experimental artifacts. The chemical shift is referenced to tetramethylsilane (TMS).
moving around the nucleus. This effect, known as chemical shielding or chemical shift, can 
be used to extract information on the chemical environment and on the dynamics of the 
nuclei/molecules. When all orientational effects of the chemical shielding are washed out by 
rapid rotation of the molecules, for example in a gas or in a liquid, a narrow and symmetric 
resonance will be observed. The chemical shift of this isotropic resonance, usually given 
in parts-per-million (ppm) relative to that of a reference compound, is a very sensitive 
measure of the chemical environment of the nucleus in a particular molecule.
In the icosahedral C6 0  molecule all sixty carbon nuclei are (chemically) exactly equiv­
alent, and therefore the 13C NMR spectrum of dissolved C6 0  containing 13C in natural 
abundance consists of only one isotropic resonance. Actually, the observation of a single 
NME resonance for dissolved C6 0  has evidenced the soccerball structure of C6 0  [44,45], A 
13C NME spectrum of solid C6 0  measured at room temperature using magic-angle spin­
ning is shown in figure 1,6, The strong resonance centered at a chemical shift of about 
144 ppm can unambiguously be assigned to C6 0  [44,45], In this solid-state NME spectrum, 
the orientational effects of the chemical shielding are washed out by the rapid rotational 
motion of the C6 0  molecules in the solid and by the fast spinning of the solid C6 0  sample 
under the magic-angle. The inset of figure 1 , 6  shows the resonance of C6 0  on an expanded
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scale revealing a weak sideband of the main peak. This sideband is 0,7 ppm shifted from 
the main peak and about a factor of 45 weaker than the main peak. It is caused by C6 0  
molecules whose resonance frequency is shifted by the Fermi-contact interaction with adja­
cent paramagnetic oxygen molecules, which are found to diffuse readily into the octahedral 
sites of the C6 0  lattice [46], From the relative intensity of the sideband, the fraction of 
octahedral sites filled with an oxygen molecule in this particular C6 0  powder is determined 
as 0.4%.
1.7 Outline
In this thesis, experiments are described in which solid C6 0  is used as a matrix for CO 
molecules. The CO molecules are occupying the octahedral sites of the C6 0  lattice, and 
the rattling of the CO molecules in these cages is studied using a variety of experimental 
techniques. In contrast to most matrix materials used in matrix isolation experiments C6 0  
is a solid at room temperature, and consequently the dynamics of CO can be studied over 
a wide temperature range.
The CO molecule is chosen as an intercalant for several reasons. First, the estimated 
‘van der Waals length’ of a CO molecule is 4.5 A [13], and it therefore fits snugly in the 
octahedral sites of the C6 0  lattice (d«4.1 A). Secondly, the CO molecule will primarily be 
bound ‘topographically’ and will interact only weakly with the surrounding C6 0  molecules 
by van der Waals forces, allowing for interesting dynamics. In addition, the hetero-nuclear 
CO molecule has a large IE  transition dipole moment, and its motion can be probed using 
IE absorption spectroscopy. Finally, the dynamics of CO, like that of C60, can be studied 
using 13C NME spectroscopy.
Chapter 2  can be considered as an introduction to CO in solid C60- It is shown that 
CO can be intercalated in the octahedral sites of solid C6 0  in an almost 1  : 1  ratio and that 
the resulting samples are stable under ambient conditions. The rovibrational motion of 
CO in solid C6 0  is studied using IE  and NME spectroscopy, and the results are compared 
to those of quantum mechanical calculations. It is concluded that the motion of CO 
gradually changes from a nearly free motion at room temperature to a hindered motion at 
low temperature.
In chapter 3 a detailed study on the structure and phase transitions of solid C6 0  interca­
lated with CO using X-ray powder diffraction and specific heat measurements is presented. 
It is found that the crystal symmetry of solid C6 0  is unchanged upon intercalation with 
CO and that the CO molecules are occupying the octahedral sites indeed. The orienta­
tional ordering of the C6 0  molecules in the solid and the phase transitions of solid C6 0  are 
influenced by the presence of CO in the octahedral sites.
In Chapter 4 a comprehensive IE study on CO in solid C6 0  is presented. IE  spectra of 
CO in solid C6 0  as a function of temperature are shown, and an IE band shape analysis 
of these spectra is presented. A comparison is made between the experimental and the 
theoretical IE  spectra of CO in solid C60- The frequencies of the fundamental and the first 
overtone transitions of various isotopes of CO intercalated in solid C6 0  are reported and 
analyzed. The observation of the van der Waals rattling modes of CO in the octahedral
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sites is reported. In addition, the first IE spectra of CO intercalated in solid C7 0 are 
presented.
Detailed solid-state 13C NME measurements on 13CO in solid C6 0  are the subject of 
chapter 5, Using 13C NME under magic-angle spinning conditions, the fraction of oc­
tahedral sites of the C6 0  lattice accommodating a 13CO molecule is determined. Static 
solid-state 13C NME spectra of 13CO in solid C6 0  between room temperature and 4 K are 
reported, and they are analyzed using a classical chemical exchange model. In this way, 
information on the dynamics of the CO molecules in the octahedral sites and details of the 
interaction potential between CO and the surrounding C6 0  molecules are extracted from 
the NME line shapes.
In the last chapter a unique possibility offered by CO in solid C6 0  is exploited. When 
pressure is applied to the C6 0  lattice, the C6 0  molecules themselves are not significantly 
compressed but merely move closer together. Via measurement of IE  spectra as a function 
of pressure, the dynamics of CO intercalated in C6 0  is monitored as a function of the 
cavity size. From the agreement between theory and experiment, it is concluded that CO 
intercalated in C6 0  truly behaves as a ‘molecule in a box’.
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Chapter 2
Rovibrational m otion of CO in solid Ceo1
Abstract
Solid C6 0  can be intercalated with CO gas in an almost 1  : 1  ratio. The rovibrational 
motion of CO in these samples is studied as a function of temperature by IE and NME 
spectroscopy. The observed spectra indicate a gradual transition from nearly free motion 
of CO at room temperature to hindered motion at low temperature. The observations 
are augmented by theory, and details on the local environment of the CO molecules are 
extracted.
1 Adapted from: I. Holleman, G. von Helden, E.H.T. Olthof, P.J.M. van Bentum, R. Engeln, G.H. 
Nachtegaal, A.P.M. Kentgens, B.H. Meier, A. van der Avoird, and G. Meijer, Phys. Rev. Lett. 79 (1997) 
1138.
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2.1 Introduction
Solid C6 0  is a promising matrix for the storage of guest species, both inside and in between 
the cages. It consists only of one type of atoms, and the high molecular symmetry results 
in well-defined and uniform intercalation sites. For a detailed study of the guest-host 
interaction, the sparse spectral structure of the matrix in, for example, infrared (IE) and 
13C nuclear magnetic resonance (NME) spectra is of advantage. In the face-centered cubic 
(fee) lattice of C60, two types of interstitial sites are available for intercalants, one large 
octahedral site and two smaller tetrahedral sites per C6 0  molecule [1 ], The octahedral site 
is located at the center of the conventional cell of the fee lattice. In the high temperature 
phase this site has Oh symmetry (crystal structure Fm3m)  whereas below the sc <— fee 
(se: simple cubic) ordering transition the symmetry of the site is reduced to SG (crystal 
structure Po3) [2 ], With a lattice constant o=14.1 A and a C6 0  ‘van der Waals diameter’ 
of 1 0 , 0  A it follows that this site can contain a sphere with a diameter of 4,1 A, It has been 
reported that molecular oxygen and molecular hydrogen [3,4] as well as rare gas atoms [5] 
can be trapped in the octahedral sites via high pressure, high temperature synthesis, but 
no information on the dynamics of these trapped gases has become available so far.
In this chapter we report data on the dynamics of CO intercalated in solid C60. A 
CO molecule, with a ‘van der Waals length’ of 4,5 A [6 ], fits snugly in the octahedral site 
of the C6 0  lattice. The tetrahedral sites are much too small to contain a CO molecule, 
CO intercalated C6 0  samples are produced by exposing high purity polvcrvstalline C6 0  
powder (Hoechst, ‘Super Gold Grade’ C60, purity >99,9%) or a thin film of C6 0  to CO at 
a temperature of 200°C and a pressure of 100 bar for about a day. Under these conditions 
samples with an almost 1  : 1  stoiehiometrv of CO to C6 0  are obtained, resulting in CO 
densities in the solid equivalent to that of CO gas at a pressure of 50 bar. These samples 
are stable under ambient conditions. On the order of a percent of the CO leaks out per 
day, while when put into vacuum at a temperature of 200°C all CO is removed within a 
few minutes. It is spectroscopically confirmed that free CO molecules and pristine C6 0  are 
retrieved by the latter procedure,
2.2 IR absorption measurements
For IE  absorption experiments, 5 ¡xm thick films of CO intercalated C6 0  on IE transparent 
substrates are used. Absorption spectra covering the 400-4000 cm ” 1 region are measured as 
a function of temperature with an experimental spectral resolution of 0,1 cm” 1, Eeference 
spectra are measured on the C6 0  films prior to their exposure to CO, After intercalation with 
CO, new spectral structure that is strongly temperature dependent is readily identified. 
In figure 2.1(b) the additional structure appearing in the 2000-2250 cm ” 1 region is shown 
for four different temperatures. The spectral features due to C6 0  (not shown) are hardly 
influenced both in position and in intensity by the presence of CO, Only a slight frequency 
shift, up to 0,5 cm”1, is observed for some C6 0  modes.
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F ig u re  2.1 : Fourier transform infrared (FTIR) absorption spectra (Bruker IFS 66v/113v) of 
(a) CO gas at room temperature, (b) CO in the octahedral sites o f the cubic Cro lattice for 
four different temperatures, and (c) CO in an argon matrix at 15 K [7]. The weak structure 
appearing in the spectra around 2080 cm” 1 and 2190 cm” 1 is caused by rather strong IR 
absorption bands that are intrinsic to Cro [8] and that are not completely corrected for by 
subtracting the reference spectra. A t 0.6 K the resonance is split into two components at 
2123.0 cm” 1 and 2123.9 cm” 1 with a full width at half maximum o f 0.35 cm” 1.
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For comparison, a spectrum of free CO molecules in the gas phase is shown in fig­
ure 2.1(a) while a spectrum of CO in an argon matrix, where its rotational motion is 
completely blocked, is shown in figure 2.1(c). For CO in solid C6 0  the broad spectral struc­
ture visible at room temperature gradually merges into a sharp resonance centered around 
2124 cm ” 1 upon lowering the temperature. This resonance splits into at least two compo­
nents upon approaching 0.6 K. The total integrated intensity of the CO related absorption 
is constant within a few percent over the complete temperature range. There is no dis­
continuity in the appearance of the spectral structure associated with CO in crossing the 
orientational ordering sc <— fee phase transition of C6 0  [2 ]. The simultaneously measured 
C6 0  spectra change diseontinuouslv in crossing this phase transition, bracketed between 
230-260 K (pure C6 0  : 260 K [9]), in full accord with observations reported by others for 
pristine C6 0  [1 0 ].
The series of spectra shown in figure 2.1(b) indicate a transition from a situation in 
which the CO molecules have a significant freedom to move to a situation in which this 
motion is strongly hindered. At high temperature the wings of the spectra resemble the 
envelope of the rotational structure of a free CO molecule. The center peak in the room 
temperature absorption spectrum is attributed to CO molecules that occupy states that 
are below the barrier for free rotation. At liquid nitrogen temperature the absorption 
spectrum mostly resembles that of CO fixed in a matrix. It is detailed below, that the 
observed splitting at 0.6 K originates either from a quantum mechanical tunneling motion 
of CO between symmetry equivalent orientations in the C6 0  potential or from a distribution 
of CO over inequivalent ‘octahedral’ sites of the C6 0  lattice.
2.3 Solid-state 13C N M R  measurements
Further information on the dynamics of CO in solid C6 0  and on the symmetry of the CO 
site is obtained from 13C NMR spectroscopy. For the NME experiments a 150 mg polv- 
crvstalline sample of C6 0  with natural isotopic abundance is intercalated with 99 atom% 
13C enriched CO. Under magic-angle spinning (MAS) conditions two sharp resonances at
142.4 ppm and at 183.9 ppm are detected. These resonances can unambiguously be as­
signed to Cfio (pure C^o- 143 ppm [1 1 ]) and CO (pure CO: 182.2 ppm [1 2 ]). From the 
intensity ratio of the two resonances in a fully relaxed spectrum it is concluded that ap­
proximately 11% of the octahedral sites are occupied in this particular sample. In other 
samples, in particular in the IE film samples, a much higher fraction of the octahedral 
sites could be filled. The less efficient filling of the present sample is attributed to the 
large size of the C6 0  crystallites and their short exposure time to CO. MAS spectra mea­
sured between 200 K and 300 K reveal a single 13CO resonance of constant line width and 
resonance frequency.
In contrast, the line shape of the 13CO resonance from a static sample is strongly 
temperature dependent in this region, as shown in figure 2 .2 . At all temperatures shown, 
the width of the resonance is much smaller than the width of the chemical shift tensor 
of solid CO (5j_ — 5||fti365(20) ppm at 4.2 K [13]). At room temperature, a symmetric 
line centered around the isotropic chemical shift value is found. This is in agreement with
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F ig u re  2 .2 : 13C NMR spectra of CO in a 150 mg CO intercalated polycrystalline Cro sample 
measured on a Bruker AM500 spectrometer under static conditions for various temperatures 
using a Doty probe. Each spectrum consists of 5000 scans taken at 6 seconds time intervals. 
The chemical shift is referenced to tetramethylsilane (TMS). For the pattern observed at 
200 K the best f it  to an axially symmetric tensor with = —20(1) ppm, convoluted with
a Gaussian line shape with a full width at half maximum of 9 ppm, is shown as well (dashed 
curve). The intensity at high ppm values can not be completely accounted for; a similar 
(unexplained) deviation has been found for solid CO [13].
rapid motion of CO on the NMR time scale in an environment with Oh symmetry, which 
averages the second-rank tensor of the chemical shift anisotropy to its isotropic value. At 
temperatures below that of the sc <— fee orientational ordering phase transition of C60, 
the symmetry of the ‘octahedral’ site is reduced to S&. This lowering of the symmetry 
leads to a non-vanishing anisotropic contribution to the chemical shielding that is clearly 
reflected in the NMR line shape below 240 K, The experimental line shape at 200 K 
is described approximately by an axially symmetric chemical shift tensor, in accordance 
with the expectation for a dynamically averaged tensor in a potential of S6 symmetry. The 
observed tensor anisotropy of —2 0 (1 ) ppm is considerably smaller than the static anisotropy 
of CO, indicating that considerable averaging still takes place.
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2.4 Theoretical calculations
Theoretical calculations are performed to aid in the interpretation of the experimental 
data. Rigid C6 0  molecules are positioned on an fee lattice. Their orientations are taken 
either as the p-orientation (‘major’) or as the /i-orientation (‘minor’) as have been found 
experimentally for C6 0  in the simple cubic Po3 low-temperature phase [1 ], The potential 
felt by CO is due to the combined van der Waals interaction with the surrounding C6 0  
molecules, and it depends on the orientations of its six nearest neighbor C6 0  molecules. 
The CO molecule is in a potential with Sq symmetry only when all C6 0  molecules are in 
the same orientation. The interaction is described with the same atom-atom potential as 
used for endohedral CO@C6 0  [6 ], The five-dimensional (5D) bound states for a rigid CO 
molecule inside this potential are calculated; three of the dimensions refer to the motion 
of the center of mass of CO, while the other two dimensions describe the orientation of the 
CO axis.
The quantum mechanical method to compute the energy levels of CO inside this cavity 
is based on a discrete variable representation for the radial coordinate of the CO center of 
mass and an expansion of the angular wave functions in symmetry-adapted and coupled 
spherical harmonics [6 ], It is important for the present study that this method includes 
the angular-radial coupling caused by the hindering potential of the cavity walls exactly, 
and that it also describes large amplitude vibrations and hindered rotations of CO, with 
the inclusion of tunneling between multiple (equivalent) minima on the five-dimensional 
potential energy surface. From the energy levels and the corresponding wave functions, 
the frequencies and intensities of all the allowed dipole transitions are calculated and the 
IR spectrum is synthesized for different temperatures,
A three-dimensional (3D) equipotential energy surface for the position of the center of 
mass of CO with all C6 0  molecules in the p-orientation, obtained by taking a cut through the 
five-dimensional potential surface for an optimized CO orientation, is shown in figure 2,3, 
There are eight minima in the potential for the position of the CO center of mass, all being 
off-center. In these minima the CO points with the oxygen atom in between three C6 0  
molecules towards the next-nearest neighbors. The two equivalent (local) minima on the 
^-sym m etry  axis are approximately 48 cm ” 1 less deep than the six equivalent (global) 
minima along the three other cube diagonals. In contrast, with all C6 0  molecules in the 
/i-orientation the calculation predicts the minima on the CVaxis to be the global minima 
(approximately 6  cm ” 1 deeper than the others).
If we assume that in the 200-230 K range the C6 0  molecules rapidly interconvert between 
the p- and the /i-orientation, an effective potential that is a linear combination of the ones 
just described, and that still has Sq symmetry, is sampled by the NMR measurements. In a 
simple model, the orientational distribution for the CO molecules described above may be 
replaced by the eight discrete minima. Then, the motionallv averaged chemical shielding 
tensor [14] is the weighted sum of eight axially symmetric second-rank tensors, of which 
six and two, respectively, are symmetry equivalent. The principal values of all tensors 
may be assumed to be identical (supported by the appearance of a single CO resonance 
in the MAS spectrum) but the principal axes differ, A preferential population of the six 
equivalent minima leads to an averaged chemical shift tensor with an inverted sign of the
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Figure 2.3: A 3D equipotential cut (85 cm” 1 above the global minima) through the 5D 
potential energy surface is shown, indicating the position of the center of mass of CO for an 
optimized CO orientation, with all Cf>o molecules in the ^-orientation. This potential has six 
global and two local minima along the body diagonals of the conventional cell.
asymmetry (ij_ — i||) with respect to the original tensor.
In figure 2,4 the observed IR spectrum of CO in solid C60 measured at 203 K is compared 
to the calculated IR spectrum. The calculation is done in S q symmetry, with all C60 
molecules in the p-orientation. For a true comparison to the experimental spectrum, a 
superposition of calculated spectra belonging to th a t of CO in sites with C60 molecules 
in random orientations has to be made. This will lead to a blurring of the sharp spectral 
structures in the calculated spectrum, bringing it in even better agreement with experiment. 
Below liquid nitrogen tem perature, the p- and /i-orientations of the C60 molecules in 
CO intercalated C60 are randomly frozen throughout the solid in a ratio of 12,5 : 1 [15] 
(5 : 1 for pristine C60 [16]), This leaves approximately two-thirds of the CO molecules 
surrounded solely by C60 molecules in the p-orientation. These CO molecules are in a 
potential with six equivalent global minima. The quantum mechanical calculations predict 
a tunneling motion between these equivalent minima which gives rise to a splitting of the 
energy levels on the order of a cm” 1. In the IR spectrum this will result in two almost 
equally strong components separated by twice this tunnel splitting. If it is assumed that 
the observed splitting of the IR spectral structure at 0,6 K is due to this tunneling motion, 
the observed intensity difference between the two components has to be explained. One
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F ig u re  2.4 : Observed IR spectrum o f CO in solid Cro at 203 K compared to the calculated IR 
spectrum. In the calculation a lattice parameter a=14.1 A is taken, and the orientation angle 
<f) o f the Cfio molecules about their respective {111} axes (related according to Pa3 symmetry) 
is taken as </)=23.5 (p-orientation). In the calculation energy levels up to 600 cm” 1 above 
the ground state level are included. The calculated spectrum is convoluted with a Gaussian 
with a full width at half maximum of 0.25 cm” 1.
possibility is to attribute the extra intensity in the high-frequenev component in the 0,6 K 
IE spectrum to the other one-third of the CO molecules that are in sites in which no tunnel 
motion is expected, and that the IE resonance of these CO molecules coincides with the 
high-frequency component of the tunnel doublet. Alternatively, the two components of 
the IE  resonance originate from CO molecules occupying inequivalent ‘octahedral’ sites 
with slightly different matrix shifts, and the tunnel splitting is less than the line width of 
the components (0,35 cm”1). Then, the high-frequency component is attributed to CO 
molecules occupying the ‘octahedral’ sites surrounded solely by C6 0  molecules in the p- 
orientation (two-thirds) and the low-frequency component is attributed to CO molecules 
occupying the sites with one of the surrounding C6 0  molecules in the /i-orientation (one- 
third), From detailed IE and 13C NME measurements described in chapter 4 and 5 of this 
thesis, it follows that the latter explanation is the correct one,
2.5 Conclusions
Small molecules inside fullerene cages have been suggested to form an ideal system for 
the study of nearly free molecular rotation in the solid, and experimental evidence for the 
motion of a scandium trimer inside a C8 2 fullerene cage has for instance been reported [17], 
In addition, it has been pointed out that small polar molecules trapped inside the highly 
symmetric C6 0  cage might be considered the building blocks for an ideal electric dipolar
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lattice [18], The results reported here indicate that samples in which small molecules are 
trapped in the octahedral sites of solid C60, i.e., in between C6 0  molecules, samples that 
are much easier to produce, are equally interesting and promising and might show many of 
the characteristics, and enable many of the applications, anticipated for the corresponding 
endohedral species. In addition, it is demonstrated that molecules such as CO intercalated 
in fullerene samples are a very sensitive local probe of crystal structure and molecular 
orientation. It also has been shown here that gases can be efficiently stored in solid fullerene 
samples. The understanding of the guest-host interaction in a well-defined system as 
described here is a prerequisite for the understanding of gas storage in more complicated 
fullerene-related solids as for instance the recently reported storage of hydrogen in carbon 
nanotube material [19],
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Chapter 3
Structure and phase transitions of 
CO intercalated Ceo1
Abstract
The structure of CO intercalated C6 0  has been determined using X-ray powder diffraction. 
At low temperatures (T=25 K), the CO molecule is found to be distributed over six sym­
metry equivalent orientations in the octahedral sites of the cubic close-packed structure of 
C6 o- The C6 0  molecules are orientationallv ordered in almost exclusively the p-orientation, 
indicating an additional stabilization of the p-orientation by the CO molecules. The ori­
entational ordering phase transition and the glass transition depend on the ratio of CO to 
C6 0  in the sample, and are systematically found at temperatures below the corresponding 
transition temperatures of pristine C60.
1 Adapted from: S. van Smaalen, R. Dinnebier, I. Holleman, G. von Helden, and G. Meijer, Phys. Rev. 
B  57 (1998) 6321.
S. van Smaalen, R.E. Dinnebier, W. Schnelle, I. Holleman, G. von Helden, and G. Meijer, Europhys. Lett. 
43 (1998) 302.
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3.1 Introduction
The properties of solid C6 0  can be influenced through intercalation of the solid with atoms 
or small molecules. In many instances, the face-centered cubic (fee) arrangement of the C6 0  
molecules is not altered, and the intercalated species occupies the octahedral or tetrahedral 
sites between the C6 0  molecules in the fee lattice. It has been observed that several of the 
alkali metal intercalated C6 0  compounds (A3 C60, A=K,Rb,Cs) become superconducting at 
low temperatures [1 ], Simultaneously, the orientational order of the C6 0  molecules in these 
compounds is modified. In most of the alkali metal intercalates, it has been observed that 
the C6 0  molecules occupy two or three energetically equivalent, but symmetry inequiva­
lent orientations. The orientations are different from the two energetically inequivalent 
orientations (p and h) found for pristine C6 0  [1-3].
For pristine C6 0  crystals, the orientational ordering transition at 2^=260 K and the 
glass transition at T ’pz90 K are well-established [4,5], The transition temperatures and 
the pretransitional effects sensitively depend on the purity of the samples, i.e., on atoms 
and molecules intercalated in the C6 0  lattice. The influence on the phase transitions of 
impurities, such as solvent molecules, oxygen and nitrogen, has been studied extensively 
[6-9], In general, it is observed that in C6 0  samples with a lower purity, the temperature 
of the orientational ordering transition is lowered and that pretransitional effects become 
more pronounced [8,9], Furthermore, the orientational ordering transition is affected by 
stacking faults and impurities replacing the C6 0  molecules, e.g. C7 0  [1 0 , 1 1 ],
In chapter 2 , it is reported that polvcrvstalline C6 0  powder can be intercalated with 
CO gas in a reversible way to form a van der Waals bonded compound, and that the 
dynamics of the CO molecules in the sites of the C6 0  lattice can be studied by IE and 
NMR spectroscopy. Alternatively, CO can be considered an impurity in the C6 0  lattice, 
allowing for the study of the effects of a well characterized impurity on the properties 
of solid C<3o- The effects on the orientational ordering of the C6 0  molecules and on the 
phase transitions of solid C6 0  are then of particular interest. In this chapter, the combined 
results of X-ray powder diffraction measurements and specific heat measurements on CO 
intercalated C6 0  are presented. It is shown that the CO molecules occupy the octahedral 
sites of the cubic close-packed C6 0  lattice, and detailed information is obtained on the order 
and remaining disorder of both the CO and the C6 0  molecules at 25 K and at 150 K, The 
orientational ordering transition of CO intercalated C6 0  is observed via the temperature 
dependence of both the specific heat and the lattice constant, and the glass transition is 
witnessed via the temperature dependence of the temperature-derivative of the specific 
heat. It is found that both phase transitions of CO intercalated C6 0  are shifted towards 
lower temperatures compared to those of pristine C60-
3.2 Experimental
The X-ray powder diffraction measurements are performed at beamline X3B1 at the 
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratories using 
monochromatized synchrotron radiation with a wavelength of 1,15030(1) A, For this, sam­
ples of CO intercalated C6 0  are produced via high pressure, high temperature synthesis.
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Polycrvstalline C6 0  powder (Hoeehst ‘Super Gold Grade’, purity >99,9%), which is heated 
in vacuum to remove residual solvent, is placed in a high-pressure vessel (Parr Instrument, 
p<580 bar and T<  350°C), The C6 0  powder is exposed to CO gas at a pressure of 200 bar 
and a temperature of approximately 2 0 0 °C for 8  days. The CO intercalated C6 0  powder is 
loaded, without further treatment, into glass capillaries of 1,0 mm diameter and sealed. As 
a reference sample, a capillary containing pure, pristine C6 0  from the same batch, but not 
exposed to CO, is used. The resulting glass capillaries are placed in a elosed-eyele helium 
cryostat. The X-ray measurements are started about 36 hours after the removal of the CO 
intercalated C6 0  samples from the high-pressure vessel.
The measurements of the specific heat of CO intercalated C6 0  powder as a func­
tion of temperature are performed at the Max-Planek-Institut für Festkorperforsehung 
in Stuttgart, For these measurements, a CO intercalated C6 0  sample is used which is pro­
duced in a similar way as the samples for the X-ray measurements. The temperature of 
the CO gas (300°C) and the exposure time to the CO gas (5 days) have been different, 
however. Again pure, pristine C6 0  from the same batch is used as a reference sample. The 
samples are loaded in glass containers, and subsequently the containers are filled with 1  bar 
of helium gas and sealed. The glass containers are attached to the sample holder using a 
small amount of Apiezon-N grease,
3.3 Structure determ ination using X-ray diffraction
At a temperature of 25 K, X-ray powder diffraction spectra have been recorded of both 
the CO intercalated C6 0  sample and the pristine C6 0  sample. The scattered intensity 
has been acquired for the scattering angle (29) varying from 5° to 75°, The observed 
X-ray powder diffraction pattern of the CO intercalated C6 0  sample at 25 K is shown in 
figure 3.1(a), Well-defined reflections are found over the whole range of the scattering 
angle, and thus detailed aspects of the structure can be determined. Indexing of the 
observed X-ray reflections revealed a simple cubic Po3 crystal symmetry, which is the 
commonly accepted symmetry of crystalline C6 0  at low temperatures [1 2 ], for both the 
pristine C6 0  sample and the CO intercalated C6 0  sample. The lattice constant of pristine 
C6 0  at a temperature of 25 K is determined as 0=14,0478(1) A, The lattice constant of CO 
intercalated C6 0  at a temperature of 25 K is determined as o=14,0605(1) A, significantly 
larger than the lattice constant of C60.
Rietveld refinements of the structures of CO intercalated C6 0  and of pristine C6 0  are 
performed with the GSAS program [13] and peak shape functions adapted for synchrotron 
spectra [14,15], The reflections at scattering angles in the range between 29=h° and 17° 
are excluded from the refinement, because they have a complicated asymmetrical peak 
shape, which probably is due to stacking faults. In the refinements, the orientation of the 
icosahedral C6 0  molecule as well as its radius of initially 3,5459 À (initial bond lengths:
1,4526 A and 1,3925 A) are varied. The value of the radius of C6 0  refined towards 
3,5363(7) Â, resulting in bond lengths of 1,45(2) Â and 1,39(2) Â, For the pristine C6 0  
sample, the final fit (quality factor: Rp= 0,044) is obtained with 83,3(2)% p-orientation 
(rotation angle (¡>=21.2°) and 16,7(2)% /i-orientation (</>=81.2°) of the C6 0  molecule centered
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Figure 3.1: (a) The observed X-ray powder diffraction pattern of a CO intercalated Cf>o 
sample at a temperature of 25 K (squares). The solid line is the f it  through experimental 
pattern calculated using the model for the structure of CO intercalated Cf>o as described in the 
text, (b) The difference (A ) between the observed and calculated X-ray powder diffraction 
pattern.
at the (0,0,0) position, in good agreement with results of David e.t al. [5]. Using this 
structure model as input, the refinement against the X-ray data of the CO intercalated C60 
sample (i?p=0.055) results in an increase of the fraction of the p-oriented C60 molecules 
to 92.6(8)%. The obtained angle <p for the p- and /i-orientations of the C60 molecules are 
the same as in pristine C60 powder. The difference between the electron density map of 
the CO intercalated C60 sample and th a t of the pristine C60 sample reveals th a t the CO 
molecules are occupying the octahedral sites of the C60 lattice.
Previously, the van der Waals potential energy surface for the interaction between the 
CO molecule and the surrounding C60 molecules has been calculated (see chapter 2). There 
are eight minima present in this calculated potential. The two equivalent minima corre­
spond to a CO molecule aligned or anti-aligned with the C3 axis of the PaS  unit cell, i.e., 
the (1,1,1) direction, and the six equivalent minima correspond to a CO molecule approx­
imately (within a few degrees) oriented along one of the other body diagonals of the cubic 
cell. For all minima, it is found th a t the CO molecule is shifted with the oxygen atom 
displaced towards a next-nearest neighboring C60 molecule. The six equivalent (global) 
minima are lower in energy than  the two equivalent (local) minima when all neighboring 
Cfio molecules are p-oriented [16]. Therefore, a CO molecule disordered over six equivalent 
minima is introduced into the structure model. The best fit to the X-ray powder pattern  
(i?p=0.034), which is obtained after refinement of the position, the orientation and the 
occupation of CO in the octahedral site, is shown in figure 3.1. Other models, like CO
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with complete orientational disorder, give an inferior fit to the diffraction data. Whether 
the disorder over the six minima in the octahedral site is dynamic or static cannot be deter­
mined from the present experiment. If the disorder is dynamic, however, the reorientations 
have to be jump-like. From the best fit to the diffraction data, the occupancy of CO per 
minimum in the octahedral site is determined as 0,112(7), This implies an average CO 
occupation of the octahedral sites of 0,67(4), where there is disorder over the six minima in 
each octahedral site. The presence of a small fraction of CO (on the order of the standard 
deviation of 0,04) in the two local minima on the C3 axis of the octahedral site can neither 
be confirmed nor excluded by fitting of the diffraction data.
Although we are still dealing with powder spectra, the quality of these spectra is such 
that one could be tempted to extract even more detailed information on the position and 
orientation of CO, In doing so, it is found that the structure as determined from the 
refinement against the diffraction data is not in complete agreement with the alignment of 
CO molecules along the three body diagonals of the cubic cell that are not the C3 axis. The 
refinement results in orientations of the CO molecules with a smallest angle with respect 
to the nearest diagonal of 35°, In addition, the CO molecules are found to be shifted with 
the carbon atom displaced towards a C6 0  molecule [17], For a detailed and unambiguous 
analysis of these more subtle effects, however, X-ray studies on uniformly intercalated, high 
quality single crystals are required.
At a temperature of 150 K, an additional X-ray powder diffraction pattern of a CO 
intercalated C6 0  sample, similar to the sample used at 25 K, has been recorded. In a 
similar way as for the diffraction pattern at 25 K, the structure of CO intercalated C6 0  is 
refined against the diffraction data at 150 K, After the final refinement (-Rp=0,037), the C6 0  
molecules are found to be distributed over the p- and /i-orientations again. The fraction of 
p-oriented C6 0  molecules has decreased to 81,4(3)%, however. The lattice constant of CO 
intercalated Cro at 150 K is determined from the refinement as 14,0815(2)A, The refinement 
of the occupancy of CO in the octahedral site is not possible anymore, and therefore it 
has been fixed at the value determined at 25 K, In addition, the orientations of the CO 
molecules cannot be determined accurately anymore. This suggests a considerable increase 
of the dynamics of the CO molecules in the octahedral sites as compared to that at 25 K, 
in agreement with the IE and NMR data [16,18],
For pristine C6 0  the fraction of p-oriented C6 0  molecules at a temperature of 150 K 
has been determined as 70,1% [19], Thus, the fraction of p-oriented C6 0  molecules in CO 
intercalated C6 0  is found to be significantly higher than that in pristine C6 0  at both 150 K 
and 25 K,
3.4 The glass transition of (CO intercalated) C0o
The disorder in the orientations of the C6 0  molecules is either static or dynamic depending 
on the temperature. Above the temperature of the glass transition (Tg), the C6 0  molecules 
are rapidly reorienting between the p- and the /i-orientations, and the populations of both 
orientations are in thermal equilibrium. Assuming a Boltzmann distribution of the pop­
ulations in both orientations, the fraction of p-oriented C6 0  molecules as a function of
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Figure 3.2: The fraction p-oriented Cro molecules as a function of temperature for both 
CO intercalated Cro and pristine Cro- The approximate p-curve o f CO intercalated Cro is 
constructed using the two measured values o f the fraction p (indicated by the black dots). 
The dashed curves represent the uncertainty in this constructed p-curve due to the errors in 
the two measured values o f the p-fraction. From these p-curves, the glass transition o f CO 
intercalated Cro ¡s  expected at a temperature in the range between 84 and 90 K. The p-curve 
of pristine Cro ¡s  reproduced using the glass transition temperature o f 90 K and the energy 
difference between the h- and the p-orientation o f 11.0(3) meV as determined from accurate 
neutron diffraction measurements [19].
temperature p(T) can be written as:
p(T) = ---------- -—— —  for T  > T q (3.1)
1 +  exp ( ^AEhp/kbT)
In this equation, AEhp is the energy difference between the /i-orientation and the p- 
orientation, and kb is the Boltzmann constant. Below the temperature of the glass transi­
tion the C6 0  molecules are static, and therefore the fraction of p-oriented C6 0  molecules is 
frozen at p(Tg). For pristine C60, the temperature of the glass transition and the energy dif­
ference have been determined using neutron diffraction as T 'g= 90 K and =11.0(3) meV 
[19]. Using these parameters, the fraction of p-orientation in pristine C6 0  as a function of 
temperature is reproduced in figure 3.2. For CO intercalated C60, the fraction ofp-oriented 
C6 0  as a function of temperature is in principle determined by the two values of p as obtained 
from the X-ray diffraction data. From the resulting approximate curve of the fraction p as 
a function of temperature (shown in figure 3.2), the glass transition of CO intercalated C6 0  
(CO:C<3o=0.67) is expected at a temperature between 84 and 90 K, which is rather close 
to that of pristine C60-
At low temperatures (<15 K), the IE  absorption spectrum of CO intercalated C6 0  con­
sists of a sharp resonance which is split into two components at frequencies of 2123.0 cm ” 1
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and 2123,9 cm ” 1 with a relative intensity of approximately 1 : 2, respectively [16], The 
splitting of this resonance is caused by the distribution of the CO molecules over different 
octahedral sites which are present in the C6 0  lattice, and the intensity of a particular com­
ponent will be proportional to the fraction of CO in the corresponding site, A fraction of 
92,6(8)% p-oriented C6 0  (constant below the glass transition) implies that 63(4)% of the 
octahedral sites are surrounded by six C6 0  molecules in the p-orientation, while 30(2)% of 
the octahedral sites are surrounded by five p-oriented C6 0  molecules and one h-oriented 
C6 0  molecule. Together these two different sites comprise almost all octahedral sites, while 
their probability ratio is approximately 2 : 1 , Thus, the fraction of p-oriented C6 0  molecules 
as determined from the X-ray diffraction data quantitatively matches the intensity ratio of 
the two components of the IE resonance.
The glass transition of pristine C6 0  has been observed by anomalies in the temperature 
dependence of the lattice constant and the specific heat [5,20], Therefore, we decided to 
perform the corresponding experiments on CO intercalated C6 0  samples,
3.5 The lattice constant as a function of tem perature
Accurate X-ray powder diffraction measurements have been performed to determine the 
thermal evolution of the lattice constant of both CO intercalated C6 0  (CO:C60~0,67) and 
pristine C60- The lattice constants, obtained by repeatedly scanning of a single diffraction 
peak as a function of temperature are shown in figure 3,3, The eye-catching feature in 
the lattice constant of CO intercalated C6 0  as a function of temperature is the jump of
0,040(1) A in the lattice constant between 240,0 K and 245,0 K, A similar jump in the lattice 
constant has been reported for pristine C6 0  at 260 K, and is due to the first-order orien­
tational ordering transition of crystalline C6 0  [PaZ <— Fm 3m  (fee)) [5,12], The estimated 
temperature of the orientational ordering transition of CO intercalated C6 0  (00:0(30^0,67) 
is thus Tc=242,5±2,5 K, which is significantly lower than that of pristine C60.
In the lattice constant of pristine C6 0  as a function of temperature as shown in figure 3,3, 
the anomaly due to the glass transition at 90 K is clearly visible and is similar to the one 
reported by David et al. [5], With the same experimental resolution, the glass transition of 
CO intercalated C6 0  cannot be identified from the thermal evolution of the lattice constant 
(see inset of figure 3,3), Measurements of the specific heat of CO intercalated C6 0  as 
a function of temperature (vide infra) have revealed the glass transition, however. This 
apparent discrepancy is probably caused by the larger lattice constant of CO intercalated 
C6 0  with respect to that of pristine C6 0  (the difference at 25 K is 0,013 A), The lattice 
constant of a C6 0  crystal with all molecules in the p-orientation is larger than the lattice 
constant of a crystal with all molecules in the /i-orientation, by an amount of 0,044 A [19], 
As a result, the increasing fraction of p-oriented C6 0  molecules with decreasing temperature 
leads to a slight upward bending of the curve of the lattice constant versus temperature, 
in addition to an overall decrease of the lattice constant. As the observed lattice constant 
of CO intercalated C6 0  is already substantially larger than the lattice constant of C60, the 
effect of different amounts of p- and /i-orientation on the lattice constant of CO intercalated 
C6 0  will be smaller, or even unobservable.
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Figure 3.3: The lattice constant o f CO intercalated Cro (CO:Cfio~0.67) as a function o f the 
temperature in steps of 5 K (filled circles). The values are determined from the positions of 
the (422) Bragg reflection in the X-ray powder diffraction patterns, and are calibrated using 
the (101) Bragg peak of a-quartz (added to the sample). The standard deviation is estimated 
to be 0.0001 A. The inset shows the difference between the measured lattice constant of CO 
intercalated Cro and a straight line obtained by a f it to the data in the range between 20 K 
and 170 K. The cubic lattice constant o f pristine Cro (open squares) is measured in a separate 
run, but under similar circumstances. The anomaly due to the glass transition o f pristine Cro 
is indicated.
3.6 The specific heat as a function of tem perature
In order to trace the glass transition of CO intercalated C60, the specific heat as a function 
of temperature of both CO intercalated C6 0  and pristine C6 0  has been measured. By 
applying a constant rate of temperature increase and measuring the induced heat-transfer 
rate, the specific heat (Cp) is determined between 25 K and 300 K, The CO intercalated 
C6 0  sample used in these measurements has been exposed to CO gas for a period of 5 days 
only, and therefore the filling fraction of this sample will be less than that of the X-
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rav samples. The measured specific heat as a function of temperature of both the CO 
intercalated C6 0  sample and a pristine C6 0  sample are shown in figure 3.4(a) and 3.4(b), 
respectively. A first-order phase transition gives rise to a maximum in the specific heat 
as a function of temperature. The first-order orientational ordering transitions of CO 
intercalated C6 0  and of pristine C6 0  are clearly visible, and the corresponding transition 
temperatures are determined as Tc=248,8 K and as 2^=259,4 K, respectively. The observed 
transition temperature of our pristine C6 0  is in good agreement (within 1  K) with the 
values for high purity, polvcrvstalline C6 0  reported by others [4,5]. The observed lowering 
of the transition temperature of CO intercalated C6 0  with respect to that of pristine C6 0  
is attributed to the presence of CO in the octahedral sites. The transition temperature of 
CO intercalated C6 0  as observed via the specific heat measurements is approximately 6  K 
higher than the one observed via the lattice constant measurements. This is ascribed to 
the lower amount of CO present in the sample used for the specific heat measurements as 
compared to the one used for the X-ray measurements.
Via integration of the peak in the specific heat as a function of temperature, the en­
thalpy (AHtr) and the entropy (AStr) of the orientational ordering transition are deter­
mined. Integration of this peak for CO intercalated C6 0  between 215 K and 260 K yields 
A / / /(.=6.2 kJ/(m ol C60) and A S tr=2h.2 J/(Km ol C60). Integration of this peak for pristine 
C6 0  between 225 K and 265 K yields A ///(.=6.3 kJ/m ol and A 5tr=24.8 J/Kmol, A tail 
of the phase transition peak in the specific heat towards lower temperatures is observed 
for both samples (see figure 3.4). Because of this pretransitional effect, which has been 
observed before in pristine C6 0  [9,20,21], the area under the phase transition peak in spe­
cific heat cannot be determined unambiguously. As a consequence, the reported values for 
the enthalpy of the ordering transition (AHtr) of pristine C6 0  range from 5.3 kJ/m ol to 
9.0 kJ/m ol [8,9,20,21] depending on the interval of integration used. This range nicely 
covers our values for the transition enthalpy of both the CO intercalated C6 0  sample and 
the pristine C6 0  sample.
In the insets of figure 3.4 the derivatives of the specific heat of both samples are shown 
as a function of temperature in the 40 K to 120 K region. The glass transition gives rise 
to a peak in this derivative as a function of temperature. The glass transition temperature 
of CO intercalated C6 0  and of pristine C6 0  are determined as 84 K and 89 K, respectively. 
The observed glass transition temperature of pristine C6 0  is in agreement with values 
reported previously [5,19], The temperature of the glass transition depends on the rate of 
reorientation between p- and /i-orientations of the C6 0  molecules with respect to the time 
scale of the measurement technique. The rate of reorientation of the Cro molecules will 
depend on the activation energy for such a reorientational jump. The observed dilatation 
of the CO intercalated C6 0  lattice as compared to that of pristine C6 0  could give rise 
to a lowering of the activation energy of the reorientations, and thereby lower the glass 
transition temperature of CO intercalated C60.
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Figure 3.4: (a) The specific heat (Cp) as a function of temperature for CO intercalated Cro 
(195.6 mg, CO:Cfio<0.67). The small feature at 250 K is due to experimental problems (not 
related to the sample), and has no effect on the derived entropy and enthalpy o f the phase 
transition. The derivative of the specific heat (dCp/d T ) as a function o f temperature is shown 
in the inset, (b) The same, but for pristine Cro (157.8 mg). The values of heat capacity are 
corrected for the contributions of the sample holder, glass container and the grease. The 
absolute values of Cp are, therefore, of limited accuracy because o f the small heat capacity of 
the samples relative to that of the sample holder and glass container. The relative accuracy of 
the Cp values is better than 0.5% at 100 K, however. A temperature sweep o f 3.0 mKs” 1 has 
been used in recording these spectra, and there are only small differences between this run and 
runs performed with sweeps of 1.5 mKs” 1 and 0.5 mKs” 1. The temperatures of the first-order 
orientational ordering transitions and those of the glass transitions for CO intercalated Cro 
and for pristine Cro have been indicated.
Structure and phase transitions 53
3.7 Stabilization of the p-orientation
From the observed temperature of the glass transition and the observed fractions of p- 
oriented C6 0  molecules at 25 K  and 150 K , two independent values for the energy difference 
between h- and p-oriented C6 0  molecules (AE hp) in CO intercalated C6 0  can be obtained. 
The energy difference (AE hp) as deduced from the fraction of p-oriented C6 0  molecules 
at 150 K  (p (150 )=81 ,4 (3 )% ) using formula 3,1 is 19,1 meV, Assuming the fraction p- 
oriented C6 0  molecules at 25 K  (p (25 )=92 ,6 (8 )% ) to be the equilibrium fraction at the 
glass transition temperature (Tg= 84 K ) yields an energy difference of 18,3 meV, These 
values of the energy difference between h- and p-oriented Cro molecules in CO intercalated 
C6 0  can be compared to that of pristine C6 0  ( A i ^  = 11.0 meV [19]).
The drastic increase of this energy difference with respect to that of pristine C6 0  can 
be interpreted as a stabilization of the p-orientation of C6 0  by the presence of CO in the
Rotation angle ^ (deg)
F ig u re  3.5: (a) The potential energy of a Cro molecule centered at the (0,0,0) position 
in the cubic cell as a function o f its rotation about the (1,1,1) axis as calculated by Lu 
et al. for pristine Cro- The interaction potential between the Cro molecules is taken as a 
combination of a Lennard-Jones potential and a bond-centered Coulomb potential which is 
added to reproduce the observed ground state [22]. The calculated energy difference between 
h- and p-oriented Cro of A/'.'/(/j=120 meV is substantially higher than the experimental value 
of =11.0 meV [19]. (b) The additional potential energy of a Cro molecule due to the 
presence of CO in the octahedral site as a function o f the rotation angle <f>. It is obtained 
by calculation of the van der Waals interaction o f six Cro molecules about an octahedral site 
with an enclosed CO molecule in a global minimum as a function of the collective rotation of 
the six Cfio molecules about their designated C3 axes.
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octahedral sites, Lu et al. have calculated the potential energy of a C6 0  molecule centered 
at the origin of the cubic cell due to the interaction with the other C6 0  molecules as a 
function of its rotation about the (1,1,1) axis [22], The resulting curve is reproduced in 
figure 3.5(a), and the minima corresponding to the p- and /i-orientations are indicated. 
Employing the same method as described above, the van der Waals interaction of six C6 0  
molecules around an octahedral site with an enclosed CO molecule in a global minimum is 
calculated as a function of the collective rotation of the C6 0  molecules about their designated 
C3 axes. The resulting potential energy of a single C6 0  molecule due to the interaction with 
a single CO molecule as a function of the rotation angle is shown in figure 3.5(b). The 
interaction energy of the C6 0  molecule in the p-orientation with this CO molecule is lower 
than that of the C6 0  molecule in the /i-orientation by an amount of 2-3 meV, Taking into 
account the presence of six octahedral sites around each C6 0  molecule and assuming a filling 
fraction of these sites of 0,67, the calculated additional energy difference is approximately 
10 meV, which is in fair agreement with the experimentally observed additional difference 
of 7-8 meV,
3.8 Conclusions
CO molecules can be intercalated in the octahedral sites of the C6 0  lattice, without dis­
turbing the cubic close-packing of the C6 0  molecules themselves. The p- and /i-orientations 
of the C6 0  molecules are found to be the same as in pristine C60, but a substantial larger 
fraction of the C6 0  molecules is found in the p- orientation. An additional stabilization 
of the p-orientation of the C6 0  molecules relative to the /i-orientation due to the presence 
of CO in the octahedral sites is the rationale for this increased orientational order of C60. 
Both the orientational ordering transition and the glass transition of CO intercalated C6 0  
have been observed. The temperatures of both phase transitions are shifted towards lower 
values as compared to those of pristine C60. The size of the shift is seen to depend on the 
ratio of CO to C6 0  in the sample.
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Chapter 4
An infrared study on 
CO intercalated in solid Ceo1
Abstract
The IE  absorbance spectra of CO intercalated in solid C6 0  have been measured as a function 
of temperature. The spectra show a gradual transition from a nearly free rotation of the CO 
molecules to a situation where their rotational motion is severely hindered. The hindering 
of the rotational motion of CO caused by the surrounding C6 0  molecules is found to be 
comparable to that observed for CO dissolved in a liquid. Good agreement is found between 
quantum mechanically calculated spectra and the measured IE spectra. The intermolecular 
van der Waals vibrations of a CO molecule rattling in the octahedral site of the C6 0  lattice 
have been observed at low temperatures. The IE spectra of CO intercalated in C7 0  are 
measured and compared to those observed for CO intercalated in C60-
1Adapted from: I. Holleman, G. von Helden, A. van der Avoird, and G. Meijer, J. Chem. Phys., 
submitted.
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4.1 Introduction
The rotational and translational dynamics of small molecules trapped in liquids or solids 
can be accurately studied using infrared (IE) absorption spectroscopy. Already in the 
1960s, it has been observed that the IE spectra of the v$ and v4  vibrational bands of 
methane molecules trapped in the substitutional cavities of rare gas crystals (xenon, kryp­
ton and argon) show a fine structure which can be ascribed to the quantized levels of 
a slightly hindered rotor [1], More recent high resolution IE measurements on methane 
trapped in these rare gas matrices have revealed discrete rovibrational transitions, and the 
observed rotational level spacing is seen to depend on the cavity size, i.e., on the noble 
gas used [2], It is well-established that in solid hydrogen, the simplest molecular solid, 
the hydrogen molecules rotate and vibrate nearly freely. Using IE spectroscopy, the pure 
rotational and rovibrational transitions of a small fraction of ortho-hvdrogen trapped in 
an almost pure para-hvdrogen crystal have been observed up to A J = 6  (PF-branch) [3], 
In addition, the pure rotational and rovibrational transitions of para-hvdrogen have been 
observed in the solid up to A J = 8  (F-branch) [3,4], and the line widths of these transitions 
are seen to approach those of gas phase molecules [4], Eeeentlv, the rotationallv-resolved 
IE absorption spectra of SF6  molecules/dimers and OCS molecules trapped inside super­
fluid helium-4 clusters have been measured [5-7], The obtained spectra could be fitted 
using the Hamiltonian of a free rotor. The resulting rotational constants are considerably 
smaller (by a factor of 3) than those of the free molecules, however, which is attributed to 
the interaction of the molecules with the surrounding superfluid.
In chapter 2 we have reported on the rovibrational motion of CO intercalated in the 
octahedral sites of the face-centered cubic lattice of C60. The dynamics of CO in these 
interstitial sites of the C6 0  lattice has been studied using IE spectroscopy, nuclear magnetic 
resonance (NME) spectroscopy and theoretical calculations. It has been found that at room 
temperature the CO molecules are sufficiently free to perform a rotational motion, while at 
low temperatures their rotations are hindered [8 ], From IE  measurements as a function of 
pressure, i.e., as a function of the size of the interstitial site, a large part of the transition 
from translationallv and rotationallv free molecules to rigidly oriented CO molecules has 
been studied [9], In this chapter we present detailed IE absorption measurements on 
CO intercalated in C6 0  around both the CO stretch fundamental and the first overtone 
as a function of temperature. From a band shape analysis a qualitative picture of the 
molecular dynamics of CO is obtained, and the results are compared to those obtained for 
CO dissolved in various liquids, A full quantum mechanical calculation is performed to 
be able to interpret the observed spectra quantitatively. From an analysis of the isotope 
shifts of the fundamental transition and the first overtone of the CO stretch vibration, the 
harmonic frequency and the anharmonieity of CO intercalated in C6 0  are obtained. The 
intermoleeular van der Waals modes, which are sensitive probes of the interaction between 
CO and the surrounding C6 0  molecules, have been observed as weak sidebands of the 
fundamental transition of CO, For comparison, the observed IE spectra of CO intercalated 
in C7 0 are measured as well.
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4.2 Experimental
The IE  absorption measurements are performed on films of C6 0  which have been inter­
calated with CO gas using high pressure, high temperature synthesis [8 ], For this, high 
purity Cfio powder (MEE Corp., purity >99,9%) is sublimed in high vacuum (10” 6 mbar) 
on a KBr pellet using typically a temperature of 650°C for a period of one hour. The 
obtained films of C6 0  on KBr usually have a thickness in the range between 15 and 30 ^m 
as determined from IE absorption measurements (vide infra). Subsequently, the C6 0  film 
is loaded into a high-pressure vessel (Parr Instrument, p<580 bar and T<350°C), and it 
is exposed to typically 240 bar of CO gas (natural abundance, purity 99,0%) at a temper­
ature of 250°C for a period of a day. After the cooling down of the high-pressure vessel 
and the removal of the CO gas, the CO intercalated C6 0  film is taken out and stored under 
high vacuum immediately. The CO intercalated C7 0  films are produced in a similar way 
using pure C7 0  powder (MEE Corp., purity >99%), Some IE absorption measurements 
have been performed on C6 0  films intercalated with 99 atom% 13C enriched 13CO gas. The 
intercalation of polvcrvstalline C6 0  powder with 13CO gas has been described in detail 
elsewhere [10], In short, the 13CO gas (Isotec: 11,0 bar-0,45 1 with 99 atom% 1 3 C) is ervo- 
pumped from the lecture bottle to the high-pressure vessel by cooling the vessel down to 
liquid nitrogen temperature. After heating of the high-pressure vessel to 250°C, a 13CO 
gas pressure of roughly 400 bar is reached. At the end of the high-pressure run, most of 
the 13CO gas is retrieved by eryo-pumping it back into the lecture bottle.
The IE  absorption spectra as a function of temperature are recorded using a Fourier 
Transform InfraEed (FTIE) absorption spectrometer (Bruker, IFS 6 6 v) and a helium flow 
ervostat (Oxford, Optistat), The ervostat is placed in the sample chamber of the FTIE 
spectrometer, and the optical connections to the spectrometer are made through vacuum. 
The vacuum in the ervostat is maintained by a turbo pump which is backed by a membrane 
pump, and the pressure is typically on the order of 10” 7 mbar. The high vacuum in the 
ervostat is separated by two KBr windows from the vacuum in the FTIE spectrometer, 
which is pumped by a rotary pump only. The temperature of the sample is monitored 
on the copper sample mount, and it can be regulated between 4 K and 500 K using a 
temperature controller. The IE  spectra are measured using the glowbar light source, the 
germanium-coated KBr beamsplitter, and the pvro-electric (DTGS) detector of the FTIE 
spectrometer. The resolution of the spectrometer is either set to 0,2 cm ” 1 or to 0,5 cm” 1, 
and the acquisition time per spectrum is on the order of one hour.
In the spectral region centered around the stretch vibration of the CO molecule (2000­
2250 cm” 1), C6 0  exhibits a rich IE absorption spectrum consisting of numerous weak com­
bination modes [1 1 ], This absorption background of C6 0  is interfering with the spectral 
structure of the CO molecules in the CO intercalated C6 0  film, and therefore an accurate 
correction for this absorption background is required. In order to do so, a series of IE trans­
mission spectra of the CO intercalated C6 0  film as a function of temperature is measured 
first. After these measurements the CO intercalated Cro film, while still being mounted in 
the ervostat, is heated to 200°C for a few hours to clear the sample of the trapped CO gas. 
Subsequently, the series of IE  transmission spectra is recorded again for the degassed C6 0  
film. The contribution of CO to the IE  absorbance spectrum at a certain temperature is
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obtained by taking the natural logarithm of the ratio of the two corresponding transmis­
sion spectra. In the absorbance spectra obtained in this way, those combination modes of 
C6 0  that do not shift in frequency upon intercalation with CO are suppressed completely, 
while even the combination modes with the largest spectral shift upon intercalation with 
CO (up to 0,5 cm”1) are still suppressed by approximately a factor of thirty.
In the IE spectrum of a C6 0  film, fringes with an amplitude of a few percent of the 
transmitted intensity are usually clearly visible. These fringes are due to interference 
between multiple reflections of the IE  beam in the C6 0  film. The period of these fringes 
in the spectrum is obtained by fitting them to a sine-function. The refractive index of 
solid C6 0  as determined from IE  measurements has been reported as n=2,00(5) [1 1 ], Using 
this value for the refractive index and the formula for the free spectral range of a Fabrv- 
Perot interferometer, the thickness of a C6 0  film can be determined from the period of the 
interference fringes, A residue of these interference fringes is usually still present in the 
absorbance spectra of CO obtained using the recipe described above. These residual fringes 
are eliminated by the subtraction of a fit, which is obtained by fitting of these fringes to a 
sine-function over a large frequency range (1800-2800 cm” 1),
4.3 IR absorption spectra
The IE absorption spectrum of CO intercalated C6 0  has been measured as a function of 
temperature, and the spectral structure due to the presence of CO is shown for three 
different temperatures in figure 4,1 (see also chapter 2 ), At room temperature a rather 
broad (100-200 cm”1) and smooth IE  band is observed centered at 2127 cm” 1, approxi­
mately 16 cm ” 1 red shifted from the frequency of the stretch vibration of gas phase CO, 
The sharp features centered at 2078 and 2191 cm ” 1 are caused by combination modes of 
C6 0  which are not completely corrected for by the subtraction procedure described in the 
experimental section. The IE absorption spectrum of gas phase CO at room temperature 
consists of numerous individual rovibrational transitions (P- and /¿-branch), which are 
spread around the fundamental vibrational frequency of CO (2143 cm” 1) over a frequency 
region of roughly 150 cm” 1. The Q-branch, which would have given rise to intensity in the 
center of the rovibrational band, is absent for gas phase CO because of its 1£ + electronic 
ground state [1 2 ], Therefore, the wings of the IE  band of CO intercalated in C6 0  at room 
temperature (see figure 4.1(a)), which resemble the envelope of the P- and /¿-branch rota­
tional structure of gas phase CO, are interpreted as the signature of rotational motion of 
the CO molecules in the octahedral sites, while the intensity in the center of the band of 
CO, similar to a Q-branch, is an indication of the amount of hindering of the rotational 
motion of CO. This interpretation is substantiated by the resemblance of the IE band of 
CO intercalated in C6 0  with the IE spectra of CO dissolved in various chlorinated solvents, 
and the observed trend in these spectra as a function of solvent interaction [13],
Upon cooling down, the wings in the IE absorption spectrum of CO intercalated in 
C6 0  gradually disappear and the intensity of the center peak steadily increases. At a 
temperature of 77 K a sharp, Lorentzian-like line shape with a full width at half maximum 
(FWHM) of 2,5 cm ” 1 remains (see figure 4.1(b)) indicating that the rotational motion
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F ig u re  4.1 : Measured IR absorption spectra o f CO intercalated in Cro as a function of 
temperature, i.e., (a) 295 K, (b) 77 K, and (c) 10 K. The spectra have been measured using 
a spectral resolution of 0.2 cm” 1. The spectra shown in (a) and (b) have been measured on 
the same CO intercalated Cro film  with a thickness of 25 ¡j,m, while the spectrum shown in 
(c) has been measured on a CO intercalated Cro film with a thickness o f approximately 3 ¡j,m 
to avoid saturation of the CO absorption.
of the CO molecules is severely hindered. The integrated intensities of the IR bands of 
CO at 295 K and 77 K, which are measured using the same CO intercalated C6 0  sample, 
differ only by a fraction of a percent. As a consequence, the CO line at 77 K is one 
of the strongest features of the entire IE spectrum of CO intercalated C60, while the 
maximum absorption strength of the CO band at room temperature is only comparable to 
the absorption strengths of the weak C6 0  combination modes.
At a temperature of 10 K, the spectral structure of CO is even sharper (a FWHM of 
0,4 cm”1) with a concomitant increase of the peak intensity (see figure 4.1(c)), and in order 
to avoid saturation of the CO line a relatively thin CO intercalated C6 0  film (d= 3 pm) is 
used in recording this spectrum. In addition, the resonance of CO at 10 K is split into two 
components which are separated by 0.9 cm ” 1 and have an intensity ratio of approximately 
1 : 2 . Apart from this splitting, the spectrum of CO intercalated in C6 0  observed at 1 0  K
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resembles that of CO in an argon or nitrogen matrix at 15 K [14] where its rotational motion 
is completely blocked. The nature of the observed splitting of the CO resonance will be 
discussed below. In summary, this series of IE  spectra of CO as a function of temperature 
reflects a transition from a nearly free rotational motion of CO at room temperature to a 
severely hindered motion at low temperature (see also chapter 2 ),
The integrated absorbance of the CO band is determined from the IE spectra at 295 K 
and 77 K as na0d= 13,06(2) cm”1, where n is equal to the density of CO, a0 is the integrated 
cross-section of CO and d is the thickness of the C6 0  film. From the period of the interference 
fringes (A^=101(3) cm”1) of the C6 0  film used for the measurements at 295 K and 77 K, 
the thickness of this film is determined as r/=25( 1 ) fj,m. The product of the CO density 
times the integrated cross-section of CO in this particular sample is thus determined as 
noo=5,2(2)xl0 3  cm”2. Assuming that the integrated cross-section of CO intercalated in 
C6 0  is the same as that of gas phase CO (oo=9,5(4)xl0 ” 1 8 cm2 cm ” 1 [15]), the CO density 
in the CO intercalated C6 0  film is found as =5.5(3) x 1 0 2 0  cm”3. At room temperature, the 
lattice constant of the cubic crystal structure of C6 0  is o0=14.17 A [16], and from this the 
density of Cro in the solid is determined as 1,41 xlO 2 1  cm”3. As a result, the measurement 
of the integrated IE  absorbance indicates a CO to C6 0  ratio of 1  : 2 , 6  in the C6 0  film, which 
can be compared to the CO to C6 0  ratios varying from 1  : 9 to 1  : 1,5 as obtained from 
13C NME and X-ray measurements on CO intercalated C6 0  powder [10,17],
4.4 IR band shape analysis
A frequently employed method [13,18-20] to analyze the measured IE  spectra of molecules 
dissolved in liquids is based on the conversion of the IE band shape to an autocorrelation 
function of the transition dipole moment of the molecule. This method has been developed 
by Gordon in the 1960s [21], The autocorrelation function contains information on the 
rotational dynamics of the molecules in the liquid, and it is usually interpreted using 
rotational diffusion models [18] or molecular dynamics simulations [20], In order to obtain 
qualitative insight in the dynamics of the CO molecules in the octahedral sites and to 
enable a comparison to the dynamics of CO in several liquids, we have applied this method 
for IE  band shape analysis to the spectra of CO intercalated in C60- The autocorrelation 
function of a transition dipole moment is the time evolution of the orientation of this dipole 
moment (u (t)) projected on its initial orientation (u(0 )) and averaged over the ensemble 
of molecules (< >), This dipole autocorrelation function C(t) can be obtained from the 
IE band shape (I(lo)) via a Fourier transformation [21]:
a t )  =  < u ( O ) . u W > = ^ 0  (4.1)
< * >  =  « * * * ) - £ « $ £  (4.2)
In these equations, u  is the angular frequency relative to the center frequency of the IE 
band shape and M(n)  are the frequency moments of the spectrum. Note that the first few
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F ig u re  4 .2 : The real part of the autocorrelation function o f the transition dipole moment 
of CO for CO intercalated in Cro and for CO in the gas phase at 295 K (a) and 77 K 
(b). The dipole autocorrelation functions o f CO intercalated in Cro are obtained via Fourier 
transformation o f the experimental IR absorption spectra shown in figure 4.1(a) and 4.1(b). 
The dipole autocorrelation functions of gas phase CO are calculated by Fourier transformation 
of an IR spectrum which is simulated using the rotational constants of CO in the electronic 
ground state, i?o=1.9225 cm” 1 and S i=1.9050 cm” 1 [12].
even frequency moments, M(2n), describe the short-term behavior of the real part of the 
dipole autocorrelation function. In figure 4,2 the real parts of the autocorrelation functions 
of the transition dipole moment of CO intercalated in C6 0  at 295 K and 77 K, obtained 
from the corresponding experimental IE spectra (see figures 4.1(a) and 4.1(b)), are shown. 
For comparison, the autocorrelation functions of CO molecules in the gas phase, calculated 
from simulated IE  spectra of gas phase CO at both temperatures [12], are also shown in 
figure 4.2. At both temperatures, the short-term behavior (< 0 . 2  ps) of the CO molecules 
in the octahedral sites is rather similar to that of CO in the gas phase. In contrast, the 
mid-term behavior (>1 ps) of the CO molecules in the octahedral sites at 77 K is quite 
different from that of CO in the gas phase; the hindering of the motion of the CO molecules 
by the surrounding C6 0  molecules is reflected by a slow decay of the autocorrelation of the 
orientation of the CO molecules.
For an IE  band shape of a linear molecule with a transition dipole moment along its 
internuclear axis, the second and the fourth frequency moment are, in the classical limit, 
given by [2 1 ]:
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.1/(2) =  —  =  I / i / / /
M (4 )  =  2 M (2 )2 +  4 B 2 <  ( O r )2 >
(4.3)
(4.4)
In these equations, I  and B  are the moment of inertia and the rotational constant of 
the molecule, and < (O F ) 2 > is the mean-square torque on the molecule due to the sur­
rounding, other molecules. The second moment of the spectrum, and consequently the 
short-time behavior of the dipole autocorrelation function, is independent of the inter­
molecular forces, and therefore this moment can be used to check the completeness of an 
IE  band shape. The second moments of the IE  absorption spectra of CO intercalated in 
C6 0  are determined as 1.52xl03 cm ” 2 at 295 K ( I/¿/,-7 =1570 cm”2) and as 5,2xlO 2  cm ” 2 
at 77 K ( I/i/,-7 = 110 cm”2). Using the fourth and second moments deduced from the IE 
absorption spectra, the mean torque acting on the CO molecules due to the surrounding 
C6 0  molecules is determined as < (O F )2> 1/2=393(25) cm ” 1 (combined value for 295 K and 
77 K), Interestingly, this result for the mean torque is comparable to the values observed 
for CO dissolved in liquid argon, several alkanes or various chlorinated solvents, which 
values are ranging from 195 cm ” 1 (liquid Ar) to 493 cm ” 1 (CC14) [13,18,19], In contrast 
to the voids in a liquid, the sites of the C6 0  lattice are rigid, symmetrical and uniform, 
and therefore a full quantum mechanical description of the rovibrational motion of a CO 
molecule in an octahedral site of the C6 0  lattice is feasible,
4.5 Theoretical calculations
The IE absorption spectra of CO intercalated in C6 0  have been calculated at several tem­
peratures using a quantum mechanical method. For this, the quantum mechanical model 
originally developed to describe the rovibrational motion of a CO molecule inside a C6 0  
molecule (CO@C60) [2 2 ] has been modified to be applicable to the motion of CO in an 
octahedral site of the C6 0  lattice [8 ], In order to understand the set-up of the calculations, 
some knowledge of the crystal structure of solid C6 0  is essential. Below the temperature of 
the orientational ordering transition (240 K), CO intercalated C60, like pristine C60, has a 
simple cubic Po3 crystal structure [17], Both for CO intercalated C6 0  [17] and for pristine 
C6 0  [23], two symmetry inequivalent orientations have been found for the C6 0  molecules 
in this Po3 crystal structure. These two orientations, denoted p and h, correspond to a 
situation where six electron-poor pentagons of a C6 0  molecule are facing electron-rich dou­
ble bonds of six of its twelve neighboring C6 0  molecules (p-orientation) and to a situation 
where electron-poor hexagons of a C6 0  molecule are facing double bonds of its neighbors 
(/i-orientation) [23], In figure 1,4 of chapter 1  the p- and h-oriented C6 0  molecules are 
shown schematically. Below the temperature of the glass transition of CO intercalated C6 0  
(84 K), these two orientations of C6 0  are frozen randomly throughout the CO intercalated 
C6 0  lattice in a 12,5 : 1  ratio of p to h [17],
In the calculations, fourteen rigid C6 0  molecules, the six nearest neighbors and the eight 
next-nearest neighbors of the CO molecule, are positioned on the six faces and the eight
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F igure 4.3: (a) The calculated energy levels in the first 100 cm” 1 above the lowest level 
in the van der Waals potential o f CO intercalated in Cro- In addition, comparisons are made 
between the calculated and the experimental IR absorption spectra at temperatures o f 295 K 
(b) and 77 K (c). The calculated stick spectra are convoluted with a Gaussian profile with a 
full width at half maximum of 0.25 cm” 1, and the center frequencies o f the calculated spectra 
are matched to the experimentally observed values.
corners of the cubic conventional cell of the Po3 lattice and oriented according to either 
the p- or the /i-orientation, A five-dimensional (5D) van der Waals potential energy surface 
is modeled by summing all exp- 6  atom-atom interactions between a rigid CO molecule and 
these C6 0  molecules, as a function of the position of the center of mass and the orientation 
of the CO molecule. When all C6 0  molecules are p-oriented, the symmetry of this potential 
is Sq, i.e., it contains a C3 axis and an inversion point i. A three-dimensional equipotential 
cut through this potential is shown in figure 2.3 of chapter 2. On this potential energy 
surface, there are a total of eight minima, six of which are symmetry equivalent global 
minima and two are symmetry equivalent local minima. The two equivalent local minima 
correspond to a CO molecule aligned or anti-aligned with the C3 axis of the potential 
which coincides with a body diagonal of the cubic cell. The six equivalent global minima 
correspond to a CO molecule approximately (within a few degrees) aligned or anti-aligned 
with one of the other body diagonals of the cubic cell.
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The bound states of the CO molecule in this van der Waals potential are calculated via 
a discrete variable representation (DVR) of the radial coordinate of the center of mass of 
CO and an expansion of the angular wave functions in coupled spherical harmonics [2 2 ], 
This quantum mechanical method includes the angular-radial coupling caused by the hin­
dering potential of the surrounding C6 0  molecules exactly, and it describes large amplitude 
vibrations, hindered rotations and tunneling of the CO molecule between equivalent min­
ima, The energy levels and corresponding wave functions of CO are calculated up to a 
few thousand cm ” 1 above the ground state. The energy levels in the first 100 cm ” 1 above 
the ground state are shown schematically in figure 4.3(a), The lowest four levels lie within
3 cm ” 1 of each other and are followed by a gap of about 30 cm”1. With increasing energy 
the density of states increases rapidly, and no regularities in the energy level patterns at 
energies above roughly 65 cm ” 1 have been found. For the calculation of the IE  absorption 
spectra around the fundamental stretch vibration of CO, the same set of energy levels as 
calculated for the vibrational ground state (w=0) of CO is superimposed on the first ex­
cited vibrational level (w=l). Subsequently, the transition intensities between the levels at 
w= 0  and those at v= l  are calculated using a dipole function, which represents the stretch 
transition dipole moment of CO, By taking into account the thermal population of the v=0 
energy levels and using the calculated transition intensities, the IE absorption spectrum of 
CO at a certain temperature is synthesized [2 2 ],
In figures 4.3(b) and 4.3(c) a comparison is made between the calculated and the exper­
imental spectra of CO intercalated in C6 0  at temperatures of 295 K and 77 K, respectively. 
Clearly, the agreement between the calculated and the experimental spectra is good. At 
295 K, the intensity in the center of the IE  band and the shape of the wings on both sides 
are well reproduced. In addition, the observed disappearance of the wings and the increase 
of the center intensity upon cooling down to 77 K are reproduced by the calculations as 
well. The main disagreement between the calculated and the experimental spectra is the 
absence of the sharp spectral features on the experimental IE band, although the experi­
mental resolution of 0.2 cm ” 1 should have been sufficient to resolve them. The absence of 
these features is ascribed to the fact that the calculations neglect the lattice dynamics of 
the C6 0  molecules in the solid, since the C6 0  molecules have been fixed. The phonons and 
librons of the C6 0  molecules in the lattice, and, in addition, at room temperature the rapid 
rotation of the C6 0  molecules in the solid [24], will give rise to temporary deformations of 
the potential energy surface of CO. Therefore, a superposition of calculated IE  spectra for 
CO in sites with randomly oriented and slightly shifted C6 0  molecules has to be performed, 
which effectively leads to a blurring of the sharp spectral features.
4.6 Nature of the splitting at 10 K
The lowest four calculated energy levels for CO, of which the middle two are doubly 
degenerate, are separated, in order of increasing energy, by approximately 0 .6 , 1 . 2  and 
0.7 cm ” 1 (see figure 4.3(a)). The calculated wave functions corresponding to these energy 
levels are delocalized over the six symmetry equivalent (global) minima in the S& potential 
of CO, indicating the presence of a quantum mechanical tunneling motion between the
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Figure 4.4 : The measured IR absorbance spectra o f CO intercalated in Cro at a temperature 
of 10 K around the first overtone o f CO (a) and around the fundamental transition o f CO 
(b). The CO intercalated Cro film used for the measurement around the first overtone was 
about a factor of ten thicker than the one used for the measurement around the fundamental 
transition. Both spectra have been measured at an experimental resolution of 0.2 cm” 1.
equivalent minima. At low temperatures, mainly these four energy levels will be populated, 
and the calculated tunneling motion of CO is expected to result in a splitting of the IE 
resonance into two sets of lines separated by 1 - 2  cm ” 1 and with an intensity ratio of 
approximately 1 : 1 .
From the 12.5 : 1  ratio of p- to h-oriented C6 0  in CO intercalated C6 0  below the glass 
transition, it follows that about two-thirds of the CO molecules are in ‘octahedral’ sites with 
all six neighboring C6 0  molecules p-oriented. The potential of CO in such an ‘octahedral’ 
site has to a good approximation SG symmetry. Therefore, the measured splitting of the IE 
resonance of CO at 10 K into two components, separated by 0.9 cm” 1, could be interpreted 
as evidence for a tunneling motion of CO between the equivalent minima in this potential. 
The approximately 50% additional intensity in the high-frequency component should then 
be attributed to CO in the other one-third of the ‘octahedral’ sites. The latter sites have no 
symmetry and thus no tunneling motion, and the IE  resonance of CO in these sites should 
then accidentally coincide with the high-frequency component of the tunnel-split resonance 
of CO in the symmetric sites. If, however, the splitting due to the tunneling motion 
is less than the line width of the individual components (0.4 cm” 1) or if the tunneling is 
‘quenched’ completely due to coupling with the lattice modes (heat bath) [25], the splitting 
of the resonance of CO can be interpreted as a result of the presence of CO in at least two
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different environments having slightly different matrix shifts. Then, the high-frequenev 
component is assigned to CO molecules in the two-thirds of the ‘octahedral’ sites with SG 
symmetry, and the low-frequency component is assigned to CO molecules occupying the 
other one-third of the ‘octahedral’ sites.
In order to distinguish between these two possibilities, we have measured the splitting 
of the resonance on the first overtone of CO, For gas phase CO, the absorption strength of 
the first overtone is about 140 times weaker than that of the fundamental transition [15], 
Because of the expected weak coupling between the intermoleeular and intramolecular 
modes, the tunneling motion of CO can to a good approximation be treated independently 
from the intramolecular stretch vibration of CO, and thus the same set of calculated energy 
levels can be superimposed on all internal vibrational levels of CO (>=0 . 1 .2 ...). Therefore, 
the splitting due to the tunneling of CO is to a good approximation expected to be in­
dependent of the nature of the internal vibrational transition of CO, i.e., fundamental or 
overtone, on top of which it is observed. On the other hand, if the splitting of the resonance 
is due to CO occupying different sites, the two observed components are split because they 
have slightly different vibrational frequencies, and the splitting is expected to double in 
going from the fundamental to the first overtone of CO,
In figure 4,4 the IE  absorption spectrum of CO intercalated in C6 0  at 10 K measured 
around the first overtone of CO (a) is shown together with that around the fundamental 
transition of CO (b). Note that the width of the horizontal scale is exactly the same for 
figures 4.4(a) and 4.4(b), It is evident when comparing the two spectra that the splitting 
is not constant, and that it actually doubles in going from the fundamental to the first 
overtone. It is detailed below that the positions of the high-frequency and low-frequency 
components of the fundamental and first overtone of the CO resonance can be described 
perfectly for all observed isotopes of CO assuming two slightly different independent vibra­
tional frequencies. The splitting due to a tunneling motion would be extremely sensitive to 
the mass of CO. Therefore, it is concluded that splitting of the resonance originates from 
the presence of CO in different ‘octahedral’ sites, and that the splitting due to a possible 
tunneling of CO is either less than 0.4 cm”1, or that the tunneling is ‘quenched’. Both the 
librons and the phonons of the C6 0  molecules in the lattice give rise to deformations which 
could quench the tunneling of CO. From neutron scattering experiments on pristine C6 0  
samples, the librational motion of the C6 0  molecules in the lattice at zero temperature is 
expected to still have an amplitude of about two degrees [26], To examine the influence 
of these librons of C6 0  on the tunneling motion of CO, we have performed a calculation 
for a CO molecule in an octahedral site for which the Sq symmetry has been destroyed by 
rotating one neighboring C6 0  molecule through two degrees about a specific C3 axis of C6 0  
away from the p-orientation. It turns out that this is sufficient to completely localize the 
wave functions corresponding to the lowest energy levels in the minima, i.e., to quench the 
tunneling motion of CO. From the solid-state 13C NME measurements on CO intercalated 
C6 0  at low temperature, which are presented in chapter 5, an upper limit of the CO tun­
neling rate of only 1.5 kHz is deduced, giving support to the conclusion that the splitting 
of the IE  resonance of CO is due to CO occupying different ‘octahedral’ sites and not to 
tunneling of CO.
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4.7 Isotope shifts
Figure 4.5(a) shows an IE  absorption spectrum measured at 4 K of a thick C6 0  film inter­
calated with natural abundance CO gas, and the spectrum is zoomed in on the spectral 
region where the resonances of the isotopes of CO are expected. Apart from the heavily 
saturated resonance of 1 2 C160  and the spectral feature marked with an asterisk, which is a 
residue of a combination band of C60, only two other spectral structures are evident. These 
spectral structures are identified with the resonances of 1 3 C160  and 1 2 C180  intercalated 
in C<3o- The natural abundances of 13C and 180  are 1,1% and 0,20%, respectively, and 
thus spectral features related to CO that are roughly a factor of thousand weaker than 
the fundamental transition can be identified readily using the subtraction procedure of the 
C6 0  background as described in the experimental section. An IE absorption spectrum of 
a thick C6 0  film intercalated with 99 atom% 13C enriched 13CO gas measured at 4 K is 
shown in figure 4.5(b), The intensity of the resonance of 1 3 C180  is about 10% of that of
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F ig u re  4.5 : The IR absorbance spectra o f a Cro film  intercalated with natural abundance CO 
gas (a) and a Cro film intercalated with 99 atom% 13C enriched 13CO gas (b). Both spectra 
have been measured at a temperature of 4 K and at a spectral resolution o f 0.2 cm” 1. The 
different isotopes of CO from which the observed resonances originate have been indicated. 
The spectral feature marked with an asterisk (* ) is a residue o f the Cro combination mode at 
2078 cm” 1.
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1 3 C 1 6 0 , and even the resonance of 1 3 C170  has appreciable intensity. Obviously, the 13CO 
gas that we used is actually enriched also in the heavy isotopes of oxygen.
In table 4,1, the experimentally obtained frequencies of the fundamental transition (v0i) 
and first overtone (^0 2 ) of the resonance of CO intercalated in C6 0  at 4 K are listed for dif­
ferent isotopes of CO, The frequencies of both the high-frequency (h ) and the low-frequency 
(I) components of the split resonance of CO are tabulated. The high-frequency components 
of both the fundamental and the first overtone of CO for the different isotopes have been 
fitted to the transitions of an anharmonic oscillator with a harmonic frequency u e(h) and an 
anharmonieitv u ex e(h), and the low-frequency components are fitted separately but simi­
larly to L0e(l) and ujex e(l). The transition frequencies of the different isotopes are calculated 
by scaling the harmonic frequency and the anharmonieitv with the reduced mass of CO (p) 
according to ujeocl/^/JI and ooex e(xl/fj, [27], In this way, the harmonic frequency and the 
anharmonieitv of the high-frequency (low-frequenev) component are determined from eight 
different experimental frequencies. The fitted frequencies of the fundamental transitions 
^ 0 1  ( f i t )  and the first overtones 1^ 02 ( f i t )  are listed in table 4,1 as well, and they match the 
experimental values very well. The resulting harmonic frequencies and anharmonicities, 
which are scaled to 1 2 C 1 6 0 , are we(/i)=2150,78(8) cm ” 1 and wea;e(/i)=13,44(3) cm ” 1 for
Tab le  4 .1 : The experimental frequencies of the fundamental transition (t'o i) and firs t over­
tone (^ 0 2 ) o f the high-frequency (h) and low-frequency (I) components of the split resonance 
of CO intercalated in Cro at T = 4  K for the different isotopes of CO. The value between paren­
theses is the experimental error in the last digit. The fitted frequencies o f the fundamental 
transitions (^o i(f it)) and the first overtones ( ^ ( f i t ) )  are listed as well. The correspond­
ing harmonic frequencies and anharmonicities for the high-frequency (low-frequency) compo­
nents, which are scaled to 1 2 C1 6 0 , are ooe(h)=2150.78(8) cm ” 1 and ooexe(h)=13A4(3) cm ” 1 
(we(l)=2149.85(8) cm ” 1 and weæe(l)=13.41(4) cm” 1).
Isotope ^ 0 1 ^ 0 1  (At) ^ 0 2 0^2 (fit)
(cm” 1) (cm”1) (cm”1) (cm” 1)
1 2 C160  (h) 2123.9(1) 2123.90 4221.0(1) 4220.91
( 0 2123.0(1) 2123.04 4219.3(1) 4219.26
1 2 C170  (h) 2097.17 4168.14
( 0 2096.32 4166.51
1 3 C160  (h) 2077.2(1) 2077.14 4128.5(1) 4128.58
( 0 2076.3(1) 2076.30 4126.9(2) 4126.96
1 2 C180  (h) 2073.2(1) 2073.22 4120.85
( 0 2072.4(1) 2072.38 4119.23
1 3 C170  (h) 2049.8(1) 2049.78 4074.55
( 0 2049.0(1) 2048.95 4072.94
1 3 C180  (h) 2025.2(1) 2025.25 4026.0(2) 4026.09
( 0 2024.4(1) 2024.43 4024.4(2) 4024.50
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the high-frequenev component and a>e(/)=2149.85(8) cm ” 1 and o>ea;e(/)=13.41(4) cm ” 1 for 
the low-frequency component. These values can be compared to those of gas phase CO 
in its electronic ground state, which are we=2169,814 cm ” 1 and wea:e=13,288 cm” 1 [12], 
Thus, the harmonic frequencies are red shifted by 19-20 cm ” 1 and the anharmonicities 
are hardly changed upon intercalation of CO in the C6 0  lattice. Red shifts of 5-10 cm ” 1 
of the fundamental vibration of CO have been observed for CO trapped in solid argon 
and nitrogen matrices at 15 K [14], It is observed that the red shift of the fundamental 
transition of CO intercalated in C6 0  decreases slightly with increasing temperature, at a 
rate of approximately 1 cm”1/100 K,
4.8 Van der Waals m odes
At low temperatures, the rotational motion of a CO molecule in an octahedral site is 
severely hindered by the surrounding C6 0  molecules. As a result, the motion of the CO 
molecule changes from a more or less free rotation to a libration about an equilibrium 
orientation of the molecule in the octahedral site, coupled with the translational vibra­
tions, The eigenfrequencies of these intermoleeular vibrations of CO are a very sensitive 
measure of the van der Waals potential energy surface for the interaction between CO 
and the surrounding C6 0  molecules. Five fundamental van der Waals modes are expected 
for a CO molecule located in a minimum of an octahedral site: two librational and three 
translational modes. We have pursued the observation of these so-called van der Waals 
modes as (weak) sidebands of the intramolecular fundamental vibration of CO, In the IE 
absorption spectrum of the thick CO intercalated C6 0  film at 4 K shown in figure 4.5(a), 
a set of spectral features can be identified between 50 and 115 cm ” 1 blue shifted from the 
fundamental transition of 1 2 C 1 6 0 , The absorption strengths of these spectral features are 
roughly equal to that of the residue of the C6 0  combination band marked with an asterisk 
in figure 4.5(a), Several of these spectral features are interesting because of their striking 
temperature dependence: they steadily broaden and eventually are washed out in raising 
the temperature from 4 K to about 70 K. Such a strong temperature dependence is not 
anticipated for the intramolecular combination bands of C6 0  in this temperature region, 
because of the rigid molecular structure of the C6 0  molecule and the fixed orientation of 
C6 0  in the lattice at these low temperatures.
Figure 4.6 shows a series of the temperature dependent spectral features on the blue side 
of the fundamental transition of 1 2 C 1 6 0 , Instead of using a spectrum of the degassed C6 0  
film at the corresponding temperature as the reference, a spectrum of the CO intercalated 
C6 0  film at a temperature of 70 K has been used to correct for the C6 0  background in 
obtaining the spectra shown in this figure. The heavily saturated fundamental transition 
of 1 2 C160  at 2124 cm” 1 is not shown in the spectra. The wiggles marked with an asterisk 
are the residues of the combination band of C6 0  at 2191 cm”1, which still are not completely 
corrected for. To check if these spectral features are related to CO, we have measured the 
same series of spectra as a function of temperature on a C6 0  film intercalated with 99 atom% 
13C enriched 1 3 CO, In figure 4,7 a comparison is made between the spectral structure 
observed at 4 K on the blue side of the fundamental transition of 1 3 C160  and of 1 2 C 1 6 0 ,
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Figure 4.6: The measured van der Waals modes o f 1 2 C160  intercalated in Cro as a function 
of temperature, observed as sidebands o f the fundamental stretch vibration o f 1 2 C1 6 0 . All 
spectra are corrected for the temperature independent Cro background using a spectrum of 
CO intercalated Cro measured at 70 K as the reference. The spectra are recorded using a 
spectral resolution of 0.5 cm” 1. The wiggles marked with an asterisk (* ) are residues o f the 
combination band of Cro at 2191 cm ” 1 which are not completely corrected for.
The frequency scale is taken relative to the frequency of the high-frequency component 
of the fundamental transition of the corresponding isotope of CO, Although the absolute 
frequency scales of the spectra of 1 3 C160  and 1 2 C160  differ by 46,7 cm” 1 (see table 4,1)— 
notice for instance the shift of the disturbing C6 0  combination mode (*)—the sideband 
structures of the fundamental peaks of two isotopes of CO correspond almost perfectly. In 
addition, it is observed that the sideband structure of 1 3 C160  is slightly red shifted with 
respect to that of 1 2 C 1 6 0 , The observed temperature dependence of this structure is to be 
anticipated when it originates from the van der Waals modes of CO intercalated in C60- In 
this temperature region, the librational motion of the C6 0  molecules, which has a frequency 
of about 2 2  cm ” 1 [26], and the phonons of the C6 0  lattice, which have a maximum frequency 
of about 55 cm” 1 [28], become thermally activated, and lead to an increase of the temporary
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Figure 4.7: A comparison between the van der Waals modes o f 1 2 C160  and those o f 1 3 C160  
intercalated in Cro, measured as sidebands of the fundamental stretch of CO at a temperature 
of 4 K. In addition, the wing o f the room temperature spectrum of CO intercalated Cro 
containing CO in natural abundance is shown. The frequency scale is taken relative to the 
fundamental transition of CO, i.e., the frequency o f the high-frequency component of the 
resonance o f the corresponding isotope o f CO (see table 4.1) is subtracted. The wiggles 
marked with an asterisk (* ) are residues of a combination band of Cro which are not completely 
corrected for. The peak in the spectrum o f 1 3 C160  intercalated in Cro marked with a #  is 
the fundamental transition of 1 2 C1 6 0 , present in the sample as an ‘ impurity’ at the 1% level.
deformations of the potential energy surface of CO with increasing temperature. Due to 
the extreme sensitivity of the frequencies of the van der Waals modes to the potential 
energy surface of CO, the van der Waals modes of CO are broadened and readily washed 
out with increasing temperature. It is concluded, therefore, that the observed temperature 
dependent spectral features on the blue side of the fundamental transition of CO are the 
sought-after van der Waals modes of CO intercalated in C6 0  indeed.
By comparing the spectra of the van der Waals sidebands of 1 2 C160  and of 1 3 C160  as 
shown in figure 4,7, six discrete van der Waals modes and a relatively broad band in the 
gap between the two groups of modes can be identified. These six modes and the broad 
band as observed for both isotopes have been fitted to a set of Gaussian line shapes, and 
the results are listed in table 4,2, The FWHM of the six discrete van der Waals modes 
range from about 2,5 to 6,5 cm” 1, which is roughly a factor of ten larger than the width 
of the fundamental transition of CO at 10 K (see figure 4.1(c)), This difference in line 
width is ascribed to the broadening of the van der Waals modes due to coupling with the
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librons and phonons of the C6 0  molecules in the lattice. It has been detailed above that 
the CO molecules are distributed over at least two different kinds of ‘octahedral’ sites at 
low temperatures. About two-thirds of the CO molecules occupy ‘octahedral’ sites with S G 
symmetry where all six global minima are symmetry equivalent, while the other one-third 
of the CO molecules are in sites without any symmetry (Ci) where all eight minima are 
inequivalent. From a calculation of the van der Waals potential energy surface for CO 
occupying the ‘octahedral’ site with Ci symmetry, it is found that the energies of the four 
lowest minima are within about 8  cm” 1, suggesting that these four inequivalent minima of 
the Ci site will still have considerable population at low temperatures. Taking into account 
the sensitivity of the van der Waals modes to the shape of a minimum, it is likely that the 
broad band originates from CO in the sites without any symmetry, where a distribution 
of different van der Waals frequencies is expected, and that the six discrete van der Waals 
modes belong to CO in the sites having S q symmetry.
In figure 4,8 the quantum mechanically calculated IE  absorption spectrum of CO in the 
‘octahedral’ site with S q symmetry at 4 K (b) is shown together with the calculated energy 
levels in the first 65 cm ” 1 above the ground state (a). The inset in figure 4.8(b) shows the 
calculated van der Waals sidebands on an expanded vertical scale revealing a set of sideband 
transitions between 25 and 70 cm ” 1 blue shifted from the fundamental transition. In the 
calculation, the van der Waals modes are split due to the tunneling motion of CO which 
is inherent in the calculation and cannot be ‘switched off’. Using their frequency, their 
symmetry label, their isotope shift and the expectation values of a few different operators 
over their wave function, the lowest twenty-six energy levels have been grouped in six
T ab le  4 .2 : The frequency relative to the high-frequency component (i'vdw)< the FWHM 
( A v vdw) and the integrated intensity (In t.) o f the van der Waals modes o f 1 2 C160  and 
1 3 C160  intercalated in Cro are listed. The values have been obtained by fitting  o f the van 
der Waals sidebands measured at 4 K to a set of Gaussian line shapes. In the last column, 
the ratio of the frequencies o f the van der Waals modes of 1 3 C160  and 1 2 C160  {R{vvdw)) ¡s 
given. The value o f R(vvdw) marked with #  is too high due to a shift of the lowest van der 
Waals mode o f 1 3 C160  caused by an interference with the fundamental transition o f 1 2 C1 6 0 .
1 2 c 16o 1 3 C160
Vvdw Ai'vdw Int. ^vdw Ai'vdw Int. E  (z'Ww)
(cm” 1) (cm” 1) (a.u.) (cm” 1) (cm” 1) (a.u.)
53.6(4) 3.4(4) 0.89(5) 53.7(4) 3.5(6) 1 .0 (8 ) 1 .0 0 (1 )#
59.7(3) 2.6(3) 1 . 0 0 58.9(3) 3.0(3) 1 . 0 0 0.987(7)
6 6 (2 ) 16(3) 3.8(5) 65(2) 13(2) 2.7(3) 0.98(4)
90.0(4) 3.7(3) 1.5(1) 86.3(4) 3.7(3) 1 .1 (1 ) 0.959(7)
97.5(5) 3.7(5) 0 .8 8 (6 ) 93.8(4) 2.9(8) 0.34(7) 0.962(7)
1 0 2 .8 (6 ) 5.9(6) 1.4(1) 97.5(7) 6.5(8) 1 .1 (2 ) 0.95(1)
111.5(5) 4.8(5) 0.92(6) 106.4(5) 4.5(6) 0.56(4) 0.954(7)
An infrared study on CO 75
(a)
E
>sra
CDcLU
>CTU)O—sCT03O
CD
Relative frequency (cm )
Figure 4.8: (a) The calculated energy levels in the first 65 cm ” 1 above the ground state. The 
energy levels have been grouped in six quadruplets, o f which two levels are doubly degenerate, 
and one doublet as indicated by the labels in the figure, (b) The calculated IR absorption 
spectrum o f CO intercalated Cro at a temperature o f 4 K. The calculated stick spectrum 
is convoluted with a Gaussian profile with a FWHM of 0.25 cm” 1, and the frequency scale 
is taken relative to the fundamental vibrational transition of CO. The inset shows the van 
der Waals sidebands of the fundamental transition on an expanded vertical scale, with the 
transitions to the different groups of energy levels marked as such.
quadruplets and one doublet as schematically indicated in figure 4.8(a), The quadruplet 
marked with 0  and the doublet marked with 0 * correspond to the lowest energy levels in the 
six global minima and in the two local minima, respectively, while the quadruplets marked 
with 1-5 correspond to the tunnel-split levels of the five fundamental van der Waals modes 
in the six global minima. In the calculated IE spectrum of figure 4.8(b) the sideband 
transitions to the different groups of energy levels are marked. Only the two lowest van 
der Waals modes have considerable intensity in the calculated IE  spectrum. Since the 
transition dipole moment function used in the calculations depends only on the angles 9 
and <f), which determine the orientation of CO, and not on its center of mass position (see 
equation (33) in reference 22) it follows that only the librational modes have IE  intensity. 
Therefore, these two lowest van der Waals modes are identified with the two librational 
modes of CO. The weak intensity of the other three modes is induced by some mixing 
of the translational and librational motions. By averaging over the energy levels in the 
quadruplets, the calculated frequencies of the van der Waals modes of CO in a global 
minimum are determined as 32, 44, 50, 57 and 60 cm”1, and their isotope shift ratios 
(z41 3 CO]/M 1 2 CO]) are determined as 0.991, 0.986, 0.979, 0.973 and 0.971, respectively.
Both the frequencies and the isotope shift ratios of the experimentally observed van der 
Waals modes indicate that the six discrete modes fall into two groups, two low frequency 
modes (50-60 cm”1) and four high frequency modes (80-115 cm” 1). From a comparison 
with the calculated spectrum the two lowest frequency modes are tentatively assigned as the 
fundamental librational modes. For the other four modes two possible assignments remain.
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First, they may, in part, be due to fundamental translational modes that can acquire 
intensity through a transition dipole moment induced by the interaction between CO and 
the surrounding C6 0  molecules, an effect that is not accounted for in the calculations. 
Secondly, they may have to be assigned to van der Waals modes that correspond with 
higher bands, overtone or combination bands in the harmonic limit, even though these 
modes do not appear with such a high intensity in the calculated spectra. The intensity 
of these modes will be very sensitive to the shape of the potential energy surface used, 
and our model potential is perhaps not sufficiently accurate to describe them properly, A 
further theoretical analysis of these van der Waals modes of CO intercalated in C60, using 
an empirically optimized potential energy surface and taking the effect of the heat bath of 
C6 0  on the tunneling motion of CO into account, will be needed to provide an unambiguous 
assignment,
4.9 CO intercalated in solid C70
IE  absorption spectra of natural abundance CO intercalated in C7 0  have been measured, 
and the spectral structure due to the presence of CO is shown for two different temperatures 
in figure 4,9, At room temperature, the IE band of CO intercalated in C7 0  and that 
of CO intercalated in C6 0  (see figure 4.1(a)) are evidently rather similar. There are a 
few subtle differences between the IE bands, however. When comparing the IE band of 
CO intercalated in C7 0  in detail to that of CO intercalated in C60, it turns out that the 
intensity in the center of the band is somewhat less, that the intensity difference between 
the high-frequency and low-frequency wing is more pronounced, and that the wings are 
less structured. The integrated absorbance of the IE  band of CO intercalated in C7 0  
at room temperature (see figure 4.9(a)) is determined as na0d= 7,34(2) cm”1. From the 
period of the interference fringes (Az^=546(4) cm”1) of the degassed C7 0  film and assuming 
that the refractive index of C7 0  is equal to that of C60, the thickness of the C7 0  film is 
determined as d=4.6 fim. Assuming again that the integrated cross-section of CO remains 
unchanged upon intercalation, the CO density in the CO intercalated C7 0  film is found as 
n = l,7 x l0 2 1  cm”3. This density of CO in the C7 0  film is about a factor of three higher 
than that obtained for CO intercalated in C60, which implies an approximate 1  : 1  ratio of 
CO to C7 0  in the C7 0  film. At the high temperature (200°C) used to intercalate the CO 
gas into the C7 0  film, the crystal structure of C7 0  is face-centered cubic (fee), where the C7 0  
molecules in the lattice are orientationallv disordered [29], The lattice constant of this fee 
phase of C7 0  is o0=15,0 A [29,30], which is substantially larger than that of the fee phase of 
C6 0  (14,17 A [16]), As a result of this larger lattice constant, both the octahedral sites and 
the diameter of the channels between these sites are larger. Obviously, this facilitates the 
intercalation process significantly. By comparing the integrated absorbance of the room 
temperature spectrum of CO intercalated in C7 0  shown in figure 4.9(a) to that determined 
from a spectrum which is measured three days later, it follows that CO leaks out of the 
C7 0 lattice at a rate of about 35% per day at room temperature. This CO loss rate is 
approximately an order of magnitude higher than that observed for CO intercalated in 
Geo [8]-
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Figure 4.9: The additional spectral structure due to CO in natural abundance which is 
intercalated in C7 0  recorded at room temperature (a) and at 4 K (b). The inset in (b) 
shows, on an expanded vertical scale, the temperature dependent sideband structure o f the 
fundamental transition of CO intercalated in C70 measured at 4 K, which has been obtained 
by using a spectrum of CO intercalated in C70 measured at 70 K as the reference. The spectra 
have been recorded using a spectral resolution of 0 . 2  cm” 1.
In figure 4.9(b), the absorbance spectrum of CO intercalated in C7 0 at 4 K is shown 
in the region around the heavily saturated, fundamental transition of 1 2 C 1 6 0 , From the 
IE  lines of the isotopes of CO and that of the first overtone of 1 2 C160  (not shown), it 
is evident that the IE  band of CO intercalated in C7 0 at low temperatures consists of a 
single resonance. The resonance of 1 2 C160  intercalated in C7 0 is centered at approximately
2126.4 cm”1, and it is thus less red shifted from the resonance of gas phase CO than the 
doublet of 1 2 C160  intercalated in C60- The FWHM of the resonance of CO intercalated 
in C7 0  is about four times as large as that of the high-frequency component of the res­
onance of CO intercalated in C60. This difference in line width is probably due to the 
presence of several different interstitial sites in the C7 0  lattice caused by disorder in the 
stacking of orientationallv ordered close-packed layers at low temperature [30], The inset 
of figure 4.9(b) shows the temperature dependent sideband structure of the fundamental 
transition of 1 2 C160  intercalated in C7 0  at 4 K. This sideband spectrum has been obtained 
in a similar way as the spectra of the van der Waals modes of CO intercalated in C60- The 
high frequency van der Waals modes (between 2210 and 2240 cm” 1) as observed for CO 
intercalated in C6 0  are absent for CO intercalated in C70. It is evident that the sideband 
spectrum of CO intercalated in C7 0  is less structured than that of CO intercalated in C60, 
and will be even harder to be interpreted unambiguously.
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4.10 Conclusions
The IE  absorbance spectra of CO intercalated in C6 0  have been measured as a function of 
temperature. The evolution of the IE band of CO as a function of temperature reflects a 
smooth transition from a situation of nearly free rotation of the CO molecules in the solid 
to a situation where the rotational motion of CO is severely hindered. An IE band shape 
analysis indicates that the hindering of CO caused by the surrounding C6 0  molecules is 
comparable to that observed for CO dissolved in a liquid. The CO intercalated C6 0  system 
allows for a detailed quantum mechanical modeling, and both at room temperature and 
at 77 K a good agreement is found between the calculated and the measured IE  spectra. 
It turns out that the calculated tunneling motion of CO at low temperature is quenched 
because of coupling to the heat bath, i.e., to the translational and librational motions of 
the C6 0  molecules in the lattice. The intermolecular van der Waals vibrations of a CO 
molecule rattling in an octahedral site of the C6 0  lattice at low temperatures have been 
observed as weak sidebands of the fundamental transition of CO, A tentative assignment 
of these van der Waals modes using theoretical calculations has been discussed. At room 
temperature the IE spectrum of CO intercalated in C7 0  is rather similar to that of CO 
intercalated in C60, whereas at lower temperatures the sites in the C7 0  lattice seem less 
well-defined than the sites of the C6 0  lattice.
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Chapter 5
M otion of CO molecules in solid C60 
probed by solid-state N M R 1
Abstract
Polvcrvstalline C6 0  has been intercalated with 99 atom% 13C enriched CO gas using high 
pressure, high temperature synthesis. The ratio of 13CO to C6 0  is determined using 13C 
NMR under magic-angle spinning, and is found to be almost 1 : 2, Static solid-state 13C 
NMR spectra of 13CO intercalated C6 0  have been measured in the range between room 
temperature and 4 K, In the high temperature range, i.e., between room temperature and 
1 0 0  K, the CO molecules in the octahedral sites of the C6 0  lattice reorient rapidly on the 
NMR time scale between the different orientations within one site. The NMR line shape 
of CO is sensitive to details of the interaction potential of CO with the surrounding C6 0  
molecules. At 4 K, the reorientation rate of CO becomes so low on the NMR time scale 
that the molecule appears localized in one of the minima of the potential for reorientation. 
Between 4 K and 30 K, the transition from the static to the dynamic regime can be followed 
by NMR line shape changes. The line shape is described by a chemical-exchange model 
using the classical McConnell equations for a jump-like reorientation of the CO molecule 
in an octahedral site of the C6 0  lattice. No evidence for a quantum mechanical tunneling 
motion of the CO molecules in the symmetric sites of the C6 0  lattice has been found.
1 Adapted from: I. Holleman, P. Robyr, A.P.M. Kentgens, B.H. Meier, and G. Meijer, J. Am. Chem. 
Soc., submitted.
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5.1 Introduction
In chapter 2  we have shown that CO gas can efficiently be intercalated into the octahedral 
sites of the C6 0  lattice using high pressure, high temperature synthesis [1 ], Under ambient 
conditions CO intercalated C6 0  is a stable compound, even though the equivalent of 50 bar 
of CO gas is present in the C6 0  lattice when all octahedral sites are occupied, i.e., when 
there is a CO to C6 0  ratio of 1  : 1  in the solid. The motion of the CO molecules in the 
octahedral sites has been studied as a function of temperature by infrared and nuclear 
magnetic resonance (NMR) spectroscopy, and the results have been compared to quantum 
mechanical calculations. The observed spectra show a nearly free rotational motion of 
CO at room temperature, and a gradual transition to hindered rotational motion of CO 
at low temperature [1], From the agreement between the measured and the calculated 
infrared spectra of CO intercalated C6 0  as a function of the size of the octahedral site, it 
has been concluded that CO intercalated C6 0  truly behaves as a ‘molecule in a box’ [2 ], 
The simplicity of the NMR spectrum of CO intercalated C60, i.e., the presence of only two 
resonances, and the small dipolar coupling in the sample, allows to study the dynamics of 
CO intercalated in C6 0  by solid-state 13C NMR in a rather straightforward manner,
NMR measurements have played an important role in the elucidation of the structural 
and dynamical properties of both the C6 0  molecule and crystalline C60. In 1990, the 
proposed truncated icosahedral (Ih) structure for C60, in which all sixty carbon atoms are 
symmetry equivalent, has been confirmed by the observation of a single 13C NMR line 
for dissolved C6 0  [3,4], The first static solid-state 13C NMR spectra of crystalline C6 0  
showed a rapid isotropic rotational motion of C6 0  in the solid at room temperature [5], 
which clarified the nature of the orientational disorder as observed by X-ray diffraction 
measurements. The orientational ordering phase transition in crystalline C6 0  has been 
observed, amongst numerous other measurement techniques, by solid-state 13C NMR via 
a discontinuity in the I \  relaxation time of C6 0  [6 ], Using the dependence of I \  on the 
orientational correlation time, Johnson et al. characterized the high-temperature (rotator) 
and low-temperature (ratchet) phases of crystalline C6 0  and determined the Arrhenius 
activation energies and pre-exponential factors of both phases [7], Furthermore, the bond 
lengths of the Cro molecule have been determined for the first time from a solid-state 
NMR measurement of the 1 3 C ^ 13C dipolar coupling in partially 13C enriched C6 0  using 
the Carr-Purcell sequence [8 ],
Various derivatives of C60 have been investigated by NMR spectroscopy as well, Saun­
ders et al. have probed the interior of fullerenes by 3He NMR spectroscopy of endohedral 
(‘inside the cage’) 3He@C60 and 3He@C70 and have found unexpectedly large shieldings, 
indicating significant diamagnetic ring currents in C60 and very large ones in C70 [9], The 
details on the electronic properties of the superconducting alkali metal intercalated C60 
compounds (A3C60, A=K,Rb,Cs) have been obtained from measurements of I \  relaxation 
times and NMR frequency shifts (Knight shifts) as a function of temperature [10], The 
presence of molecular oxygen in the octahedral sites of crystalline C60, after exposure of 
C60 at room temperature to 1 kbar of oxygen, has been evidenced by solid-state 13C NMR 
using the Fermi-contact interaction between the paramagnetic oxygen molecules and the 
carbon atoms in the C60 cages [11],
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In this chapter we report detailed data on the motion of CO molecules intercalated in 
crystalline C6 0  as a function of temperature in the region between 295 K and 4 K as obtained 
from solid-state 13C NMR measurements. The data show that, in the region between 295 K 
and 100 K, the CO molecules rapidly reorient on the NMR time scale and function as 
sensitive local probes of the symmetry of the C6 0  lattice. At 4 K, the reorientation of the 
CO molecules has stopped on the NMR time scale and the molecule appears localized in 
one of the minima present in the octahedral site. Between 4 K and 30 K, the onset of the 
reorientational motion of the CO molecule is witnessed via the 13C NMR line shape. We 
use a simplified chemical-exchange model based on the classical McConnell equation [1 2 ] 
to describe the solid-state 13C NMR spectra of a CO molecule jumping between different 
orientations in an octahedral site of the C6 0  lattice. The calculated spectra are compared 
to the spectra measured in the temperature region between 295 K and 4 K,
5.2 Experim ental
CO intercalated C60 samples are produced by high pressure, high temperature synthesis 
using typically several hundred bar of CO gas at a temperature of several hundred °C 
for a period of a few days [1], Two samples, denoted No, 1 and No, 2, are used in this 
study, Polvcrvstalline C60 powder (Hoechst, ‘Super Gold Grade’, purity >99,9%) is first 
heated in vacuum to 350°C for half a day to remove residual solvent. Then, the purified 
C60 powder (sample No, 1 : 1 0 0  mg, sample No, 2 : 500 mg) is crushed and put into a 
quartz container which is placed in a high-pressure vessel (Parr Instrument, p<580 bar 
and T<  350°C), The remaining volume of the high-pressure vessel is filled with stainless 
steel rods. The production of 13CO (99 atom% 1 3 C) intercalated C60 samples is somewhat 
more involved than the production of samples containing CO in natural abundance as 
13CO gas is supplied in a lecture bottle at low pressure only. The 99 atom% 13C enriched 
13CO gas (sample No, 1: 2,2 bar-0,45 1 from Aldrich, sample No, 2: 11,0 bar-0,45 1 from 
Isotec) is eryo-pumped into the high-pressure vessel by cooling the vessel down to liquid 
nitrogen temperature. As the vapor pressure of CO at 77 K is approximately 0,7 bar, a 
substantial amount of the 13CO gas can be transported into the high-pressure vessel in this 
way. After heating the high-pressure vessel to a temperature of 250°C, pressures of 75 bar 
and 400 bar 13CO are reached during the production of sample No, 1 and sample No, 2, 
respectively. The samples are left under these conditions for a prolonged time, 3 days for 
sample No, 1 and 9 days for sample No, 2, After the high-pressure vessel is cooled down to 
room temperature the 13CO gas is eryo-pumped back into the lecture bottle and the 13CO 
intercalated C6 0  samples are stored in a freezer at ^70°C until they are used.
For the measurements of the chemical-shift anisotropy tensor of solid 1 3 CO a sealed 
quartz ampul containing approximately 25 bar of 13CO gas is prepared. For this, a limited 
amount of 13CO gas (Aldrich) is condensed in a half-closed quartz tube ( 8  mm outer 
diameter and 5 mm inner diameter) using liquid nitrogen. This quartz tube is melted off 
just above the level of the liquid nitrogen, resulting in a sealed quartz ampul with a length 
of about 40 mm.
The static solid-state 13C NMR measurements on 13CO intercalated C6 0  have been
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performed on a home-built spectrometer (described in reference 13) with an Oxford 5,17 T 
magnet ^H: 220.0 MHz, 1 3 C: 55.31 MHz) using a home-built, variable temperature NME 
probe [14]. The NME probe consists of an Oxford liquid helium flow ervostat and an EF 
coil which is constructed out of the inner part of a coaxial cable (bervllium-copper and 
teflon). The liquid helium flow is used to cool a massive copper block which encloses the 
EF coil and the sample. The sample is cooled by heat exchange with the cooled copper 
block via helium gas present in the probe housing. The temperature of the copper block 
can be regulated between 4 K and 298 K using a temperature readout and heaters which 
are placed on this block. From previous experiments with this probe, it has been concluded 
that the temperature of the sample in the EF coil is equal to the temperature of the copper 
block within 1 K [14]. At temperatures below 100 K parts of the probehead become slightly 
magnetized which leads to an additional inhomogeneous line broadening on the order of 
2 0  ppm.
When measuring the 13C NME signal (using a single EF pulse) of the probe without a 
sample, a strong and relatively broad (full width at half maximum of 50 ppm) background 
signal is observed centered at a chemical-shift of approximately 110 ppm relative to TMS. 
This signal originates from 13C atoms in the teflon insulation of the EF coil and can 
efficiently be suppressed by a Hahn-echo sequence [15] with a delay of 300 //s. Because of 
the strong dipolar coupling between the 13C and 19F spins in the teflon, the homogeneous 
line width exceeds 2.5 kHz and no echo signal of teflon can be observed. For CO and 
C60, the homogeneous line width is much smaller ( < 2 0 0  Hz), and the signal can be fully 
refocused by a Hahn-echo. The EF field strength has been set to 25 kHz, and the dwell- 
time for detection to 20 //s. A zeroth- and first-order phase correction and a linear baseline 
correction are applied to the spectra.
13C NME spectra under magic-angle spinning (MAS) conditions have been obtained by 
single EF pulse excitation on several instruments; a Bruker AM500 spectrometer equipped 
with a solid-state accessory using a 5mm CP-MAS probehead from Doty Scientific, a Bruker 
DMX300 spectrometer using a 4mm CP-MAS probehead and a Chemagnetics CMX Infinity 
180 spectrometer using a Chemagnetics 4mm CP-MAS probehead. Spin-lattice relaxation 
times (Ti) have been obtained using the inversion-reeovery technique.
5.3 D eterm ination of the CO to Ceo ratio
The ratio of 13CO to C6 0  in both CO intercalated C6 0  samples has been determined from 
MAS spectra at room temperature. The spectra of sample No. 1 and sample No. 2 have 
been measured in a magnetic field of 11.74 T and 7.04 T, respectively. The T\ relaxation 
time of 13CO in the CO intercalated C6 0  sample is 1.7 seconds at room temperature and is 
found to be almost independent of the magnetic field strength in the range of fields used in 
this study (vide infra). The relaxation time of C6 0  is much longer and depends strongly 
on the magnetic field strength, i.e., about 30 seconds at 11.74 T and about 78 seconds at
7.04 T. Therefore, relaxation delays of 125 seconds for sample No. 1 measured at 11.74 T 
and of 400 seconds for sample No. 2 measured at 7.04 T have been used for the quantitative 
MAS NME spectra shown in figure 5.1. Two sharp resonances are observed at 142.6 and
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F ig u re  5.1 : (a) 13C NMR spectrum o f 1 3 C0 intercalated Cro sample No. 1 measured in 
the AM500 spectrometer under magic-angle spinning conditions at room temperature. This 
spectrum is recorded by summing 30 scans using a relaxation delay o f 125 s. The inset shows 
an expanded view of the observed CO resonance, (b) The same for sample No. 2, but recorded 
on the DMX300 spectrometer by summing 16 scans with a relaxation delay o f 400 s. The 
chemical-shift in both spectra is referenced to tetramethylsilane (TMS).
183.9 ppm which can be assigned to C60 (pure C60: 143 ppm [5]) and CO (pure CO: 
182 ppm [16]). From the integrated intensities of the NMR lines, the ratio of CO to C60 in 
the CO intercalated C60 samples is determined (using the known 13C abundance of 99% in 
13CO gas and of 1 .1 % in C60) as 1  : 9.1(4) for sample No. 1  and as 1  : 2 .1 (1 ) for sample No 2 . 
The longer exposure time and the higher pressure of the 13CO gas during the production of 
sample No. 2 compared to that of sample No. 1 have resulted in a significantly higher filling 
ratio for sample No. 2, which is, however, still a factor of two lower than the theoretically 
maximum filling ratio of 1 : 1. From a recent X-ray study on a CO intercalated C60 sample 
(produced under similar conditions as our sample No. 2 ) the ratio of CO to C60 has been 
determined as 1 : 1.5(1) [17], The inset of figure 5.1(a) shows the NMR resonance of 
CO intercalated in C60 on an expanded scale. No evidence is found for the presence of 
a second CO resonance, and therefore it seems unlikely that a substantial fraction of the 
CO molecules is either sharing an octahedral site or is intercalated in the much smaller 
tetrahedral sites.
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5.4 Static 13C N M R  spectra
In figure 5,2 a series of static NMR spectra of sample No, 2 in the 295 K to 30 K region 
is shown. The relaxation delay between scans has been set to 10 s, sufficient to have full 
relaxation for 1 3 CO, For C60, this delay is too short and the signal becomes attenuated. 
The full width at half maximum (FWHM) of the symmetric 13CO resonance is 6 , 8  ppm, 
only a fraction of the chemical-shift anisotropy (CSA) tensor of solid 13CO which exceeds 
350 ppm (vide infra and reference 18), This implies, in agreement with the preliminary 
measurements shown in chapter 2 , that the CO molecules in the CO intercalated C6 0  sample 
reorient rapidly in an environment with a high symmetry (T, O or higher) and average 
the second-rank CSA tensor to its isotropic value. Upon lowering the temperature, the 
line shape of the CO resonance abruptly changes, between 245 and 235 K, into a tensor 
pattern. Below 235 K, the anisotropy of the CO tensor increases steadily with decreasing 
temperature. The sign of the chemical-shift anisotropy is inverted with respect to that of 
solid polvcrvstalline CO,
The observed NME resonance of C60 at room temperature is also symmetric with a 
line width (FWHM) of 5,0 ppm. Upon lowering the temperature, the line shape of the C60 
resonance remains symmetric down to 150 K, but its intensity changes drastically between 
245 K and 235 K due to changes in the relaxation behavior. In the temperature region 
between 150 K and 100 K, the symmetric resonance of C60 changes into a CSA tensor 
pattern which is partly overlapping with the line shape of CO,
In figure 5,3 a series of static 13C NME spectra of CO intercalated C60 (sample No, 2) 
in the 30 K to 4 K region is shown. Note the factor three difference in the horizontal scale 
between this figure and figure 5,2, At these low temperatures, a summation over eight 
scans is sufficient to obtain a static NME spectrum with a good signal to noise ratio. The 
relaxation delay used in recording these spectra is increased to 600 seconds in order to 
account for the increase of I \  of CO, Due to this longer relaxation delay, the interfering 
signal of the CSA tensor of C60 is much stronger in these spectra and consequently a direct 
analysis of the spectra is hampered. By comparing the static NME line shape of CO 
intercalated C60 at 4 K to the CSA tensor of pure CO and of pure C60 (see figure 5.4(a) 
and 5.4(b)), it is evident that the spectrum of CO intercalated C60 is the sum of the static 
CSA tensors of CO and of C60- When the temperature of the sample increases to 7 K or 
higher the spectral shape of the CO contribution to the NME spectrum changes rapidly, 
as is most clearly seen from the vanishing of the discontinuity of the chemical-shift tensor 
at approximately 320 ppm. At 30 K, the dynamic CO line shape has merged with the 
powder pattern of C6 0  and both the CO line shape and the CSA tensor of C6 0  are hard to 
be separated visually.
Although the principle values of the CSA tensors of both solid CO and C6 0  are known 
from literature (CO: references 16,18 and C60: references 5,6), we decided to remeasure 
both CSA tensors in our set-up. The 13C NME spectrum of solid CO at 4 K is shown in 
figure 5.4(a) (solid curve). From a fit to an axially symmetric tensor, shown in figure 5.4(a) 
as the dashed curve, the anisotropy of the CSA tensor of solid 13CO is determined as 
=362(2) ppm. This value is, within the error bars, equal to the value at 4 K 
reported by Gibson et al. [18].
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Figure 5.2: Static 13C NMR spectra o f 1 3 C0 intercalated Cro (sample No. 2) measured as a 
function o f temperature in a magnetic field o f 5.17 T. Each spectrum consists of approximately 
1 0 0 0  scans which are recorded using a relaxation delay of 1 0  s, except for the spectra at 1 0 0  
and 30 K which are measured using a delay of 30 s. Due to magnetization of the probehead at 
low temperatures the isotropic chemical-shift values of CO and Cro appear to move to higher 
chemical-shift values for 100 K and 30 K.
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Figure 5.3: Static 13C NMR spectra o f 1 3 C0 intercalated Cro (sample No. 2) measured as 
a function o f temperature in a magnetic field of 5.17 T. These spectra have been recorded 
by summing 8  scans using a relaxation delay o f 600 s. The apparent increase o f the isotropic 
chemical-shift values o f CO and Cro with decreasing temperature is an experimental artifact.
The CSA tensor of pure C60, shown in figure 5.4(b) (solid curve), has been measured at 
a temperature of 50 K, When the C60 sample is cooled down to 4 K, a thus far unexplained 
broadening appeared which made it impossible to record a decent powder pattern of C60 
at this temperature. From a fit of the powder pattern at 50 K to a second-rank tensor, 
shown in figure 5.4(b) as the dashed curve, the parameters describing the shape of the CSA
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Figure 5.4: (a) The CSA tensor of solid 1 3 C0 (solid curve) at a temperature o f 4 K measured 
in a magnetic field of 5.17 T  by summing 64 scans and using a relaxation delay o f 30 s. From 
a f it  to an axially symmetric tensor (dashed curve) the anisotropy of the CSA tensor of 
13CO is determined as — 5|| =362(2) ppm. (b) The CSA tensor of Cro (solid curve) at a 
temperature of 50 K recorded using 0.5 gram of polycrystalline Cro powder (Hoechst, ‘Super 
Gold Grade’, purity >99.9%) which has been heated in vacuum to remove residual solvent. 
The Cfio spectrum is measured in a magnetic field of 5.17 T  by summing 200 scans using a 
relaxation delay o f 300 s. From a f it o f the experimental curve to a second-rank tensor (dashed 
curve) the parameters of the CSA tensor of Cro are obtained as ¿ 3 3  — ¿¿so= —111(1) ppm and 
¿ 2 2  — ¿1 1 = —32(1) ppm. Both CSA tensors have been shifted so that their isotropic shift 
values match the values deduced from figure 5.1.
tensor of C6 0  are obtained as 53 3  — ¿¿so= —1 11 ( 1) ppm and S2 2  — 5 n = —32(1) ppm. These 
values correspond within 2 ppm to those reported previously [5,6],
5.5 The T | relaxation tim e of CO
The Ti relaxation time of CO as a function of temperature and at two different magnetic 
field strengths is shown in figure 5,5, In the range between room temperature and 250 K, 
the relaxation time is, in this magnetic field region, almost independent of the strength of 
the magnetic field. This observation and the increase of I \  with decreasing temperature, 
i.e., with increasing orientational correlation time r , is compatible with a CSA relaxation 
mechanism in the slow-motion regime.
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F ig u re  5.5 : The T\ relaxation times of CO intercalated in Cro as a function o f temperature 
at two different magnetic field strengths measured using the inversion-recovery technique. 
The T i measurements have been performed under fast magic-angle spinning on sample No. 1 
in the AM500 spectrometer (11.74 T ) and on sample No. 2 in the CMX180 spectrometer 
(4.23 T ). All inversion-recovery curves of CO can be fitted adequately to single-exponential 
recovery functions.
5.6 Broadening of the CO resonance
In figure 5.6(a) and 5.6(b) a comparison is made between the static NMR line shapes 
of CO at room temperature measured in two different magnetic fields. The width of 
the CO resonance in the low magnetic field is partly caused by the probe («125 Hz), 
but is still substantially smaller than the width of the resonance in the high magnetic 
field. This indicates that the dominant contribution to the CO line broadening scales, 
in this magnetic field region, with the strength of the magnetic field. As the magnetic 
dipolar coupling is independent of the magnetic field strength, it is concluded that the 
1 3 C ^ 13C dipolar coupling cannot be the dominant broadening mechanism of the CO line. 
A crude estimate of the broadening of the line of CO caused by dipolar coupling with the 
six surrounding C6 0  molecules yields a contribution to the line width of 2 0 0  Hz, which 
therefore may still explain a substantial part of the observed line width. In figure 5.6(c) 
a spinning sideband spectrum of CO intercalated C6 0  recorded at room temperature using 
slow magic-angle spinning (350 Hz) is shown. The observation of a set of narrow sidebands 
from the CO line shape evidences that the line broadening originates from an effect that 
gives rise to one tensor or to a distribution of second-rank tensors. By fitting the measured 
slow-spinning spectrum to the sideband intensities of a single tensor using the tables of 
Herzfeld-Berger [19] a poor fit is obtained. By using a sum of axial tensors with a Gaussian 
distribution of anisotropies (FWHM of 12 ppm), however, the observed sideband pattern
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F ig u re  5.6 : (a) The static 13C NMR line shape o f CO intercalated in Cro (sample No. 2) at 
room temperature measured in a 5.17 T  magnet (10 s relaxation delay, 1500 scans) (b) The 
static 13C NMR line shape o f CO intercalated in Cro (sample No. 1) at room temperature 
measured in the AM500 spectrometer (11.74 T). ( 6  s relaxation delay, 12,000 scans) (c) The 
slow MAS 13C NMR spectrum o f CO intercalated in Cro (sample No. 1) at room temperature 
in the AM500 spectrometer using a spinning speed of 350 Hz. ( 6  s relaxation delay, 80 scans). 
The horizontal axis indicates the frequency relative to the isotropic resonance frequency of 
CO intercalated in Cro-
can be adequately reproduced. These observations are in agreement with a CO line shape 
which mainly originates from isotropic bulk magnetic susceptibility broadening [2 0 ],
5.7 M odeling of the 13C N M R  spectra
5.7.1 The structure and dynam ics of crystalline C6o
Before the theoretical model can be described, some details on the structure and phase 
transitions of (CO intercalated) C6 0  have to be discussed. From X-ray and NMR studies 
on C6 0  powder, it is well-known that the structure of crystalline C6 0  at room temperature 
is face-centered cubic (fee) [2 1 ], and that the C6 0  molecules rotate rapidly and isotropieallv 
in the solid [5], At 260 K, the pristine C6 0  crystal transforms via an orientational ordering
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phase transition to a simple cubic (sc) lattice with a crystal symmetry of Po3 [22], In this 
sc <— fee phase transition the motion of the C6 0  molecules changes abruptly from almost 
free rotation to jumping between symmetry equivalent orientations. The static NMR line 
shape of C6 0  remains narrow and symmetric while passing this phase transition, and a 
jump in the relaxation time is the only clue of this phase transition of crystalline C6 0  
in NMR [6,7], This jump in I \  in combination with the short relaxation delay used in 
recording the spectra is the rationale for the observed, drastic intensity change of the C6 0  
resonance between 245 K and 235 K (see figure 5,2),
Apart from rotational jumps between symmetry equivalent orientations, the C6 0  mo­
lecules are also jumping between two symmetry inequivalent orientations, denoted p  and
h. In a crystal with all C6 0  molecules in the p-orientation, each C6 0  molecule has six 
of its electron-poor pentagons facing the electron-rich double bonds of six of its twelve 
neighbors (see figure 1.4(a) of chapter 1 ), In a crystal with only h-oriented C6 0  molecules, 
electron-poor hexagons of a C6 0  molecule are facing double-bonds on its neighbors [23] (see 
figure 1.4(b)), When the temperature is decreased, the energetically preferred p-orientation 
gains in occupation relative to the /i-orientation and the jump rate between the different 
orientations (p, h and their symmetry equivalents) decreases. Below the glass transition 
temperature, which depends on the time scale of the experiment, the C6 0  molecules appear 
static. In neutron diffraction measurements, the glass transition of C6 0  is found around 
90 K and the ratio of the p- to h-oriented C6 0  molecules is found frozen at an approximate 
5 : 1 ratio [23], In passing the temperature of the glass transition on the NME time scale 
(between 150 K and 100 K), the NME line shape of C6 0  changes from an isotropic line to 
a CSA tensor pattern.
From recent X-ray measurements on CO intercalated C6 0  (see chapter 3), it is concluded 
that the intercalation with CO does not change the symmetry of the C6 0  crystal and that 
the CO molecules are located in the octahedral sites indeed. The sc <— fee orientational 
ordering transition has been found at a temperature of 243 K, and below the glass transition 
temperature, now at 84 K, the ratio of p- to h-oriented C6 0  molecules is determined as 
12,5 : 1 [17], It should be noted that both the temperature of the phase transitions and 
the ratio of p  to h depend on the ratio of CO to C6 0  in the sample, but the values reported 
here are for samples that closely resemble our sample No, 2,
5.7.2 Interaction potential betw een CO and C6o
At room temperature, the C6 0  molecules surrounding the CO molecule can be treated as 
perfect spheres, and therefore the potential of CO in the octahedral site has octahedral 
symmetry (Oh). From the Po3 crystal structure below the orientational ordering transition 
of C60, it follows that the symmetry of the ‘octahedral’ site, and thus of the CO potential, 
is Se when all C6 0  molecules are either p- or h-oriented (a C3 axis and point inversion i are 
the symmetry elements remaining).
In previous work (see chapter 2) we have calculated the van der Waals potential energy 
surface for a CO molecule in the octahedral site of the C6 0  lattice with all the C6 0  molecules 
either in the p-orientation or in the /i-orientation. For this, rigid C6 0  molecules (fixed bond 
lengths) are placed on an fee lattice in fixed orientations and the atom-atom interaction
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with a rigid CO molecule is calculated as a function of the position of the center of mass 
and the orientation of the CO molecule. This potential has eight minima corresponding to 
a CO molecule oriented parallel or anti-parallel to one of the four body diagonals of the 
conventional cubic cell. The calculated van der Waals energy difference (AE)  between the 
two equivalent minima on the C3 axis and the six equivalent minima off the C3 axis with all 
C60 molecules in the p-orientation is A E P=A8 cm”1, whereas with all C60 molecules in the h- 
orientation the two minima on the C3  axis are energetically preferred with A E h= ^ 6  cm”1.
In fact, for temperatures in the region between the orientational ordering transition 
and the glass transition, all the C60 molecules surrounding the CO molecule are randomly 
reorienting between the p- and /i-orientation. Therefore, the time-averaged CO potential 
is a linear combination of the potentials with all C60 molecules in the p-orientation and 
all C60 molecules in the /i-orientation, and also has S q symmetry. The energy difference 
between the minima on and off the C3  symmetry axis of this time-averaged potential as a 
function of the fraction of p-oriented C60 molecules can be written as:
A E (p)  = p A E P +  (1 -  p) A E h (5.1)
Below the glass transition, the C60 molecules surrounding the CO molecule are randomly 
frozen in either the p- or the /i-orientation in a 12.5 : 1 ratio. If all six Cro molecules 
surrounding the CO molecule are p-oriented (63% of the sites) the symmetry of the CO 
potential is to a good approximation still S G, but if one (or two) of the six C60 molecules 
is (are) h-oriented (the remaining 37% of the sites) the symmetry of the CO potential is 
lost (<7i).
5.7.3 The chem ical-exchange m odel
Using the available information on the structure of CO intercalated C60 as input, we have 
constructed a model to calculate the static NMR spectra of CO intercalated C60 as a 
function of temperature. In this model, based on classical chemical-exchange [12,24], the 
rovibrational motion of CO in the C60 potential is approximated by jumping between eight 
discrete orientations. In the schematic drawing shown in figure 5.7(a) each of the eight 
discrete minima is represented by a black dot on the corner of a cube. Each of these minima 
corresponds to an orientation of the CO molecule along a specific cube diagonal, with the 
oxygen atom pointing in the direction of one of the corners. The eight orientational minima 
are characterized by the energy of the CO molecule in that minimum. In a potential with 
Sq symmetry the two minima on the C3  axis (1 and 7) have the same energy, and the 
other six minima off the C3  axis are also equivalent. The energy difference between the 
two equivalent minima (1 and 7) and the other six equivalent minima is denoted A E .  
When this energy difference A E  is set to zero all the eight minima are equivalent and 
a potential with Oh symmetry is obtained. The jumping of a CO molecule between the 
different minima in this potential is described by an exchange matrix II containing the rate 
constants Hij for a CO molecule jumping from minimum i to minimum j .  The diagonal 
element 1 1 ** of the exchange matrix is equal to the total rate constant for jumping out of the
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(a)
(b)
/ -Si fc2 0 fc2 fc2 0 0 0
fci - s 2 fci 0 0 fci 0 0
0 fci - s 2 fci 0 0 fci 0
fci 0 fci - s 2 0 0 0 fci
fci 0 0 0 - s 2 fci 0 fci
0 fci 0 0 fci - s 2 fci 0
0 0 fc2 0 0 fc2 -El fc2
I 0 0 0 fci fci 0 fci - s 2
Figure 5.7: (a) Schematic view of the directions along which the internuclear axis o f the CO 
molecule is oriented in the eight discrete minima, which are used in the chemical-exchange 
model for the NMR line shape of CO in the Cro cavity, (b) The chemical-exchange matrix I I  
which describes the reorientation of the CO molecule between the eight discrete minima. k\ 
is the rate constant for jumping to one of the six equivalent minima 2 - 6 , 8  and k2 is the rate 
constant for jumping to the two equivalent minima 1 and 7. The elements on the diagonal of n are > :,= .U | and £ 2 = 2 fci +  k>.
corresponding minimum i (details in reference 25), In setting up the exchange matrix of 
figure 5.7(b), it is assumed that a CO molecule can only jump to a neighboring minimum,
i.e., it can only jump via the edges of the cube shown in figure 5.7(a), In this matrix, ki 
is the rate constant for jumping to one of the six equivalent minima and k2 is the rate 
constant for jumping to one of the two equivalent minima. The ratio between k\  and k2 
is related to the energy difference between the minima: exp( —A/-.'/H i)  (R: the
Boltzmann constant, T: the temperature). The static NMR spectrum of a CO molecule 
in this eight minima model can be calculated for a single crystallite using the McConnel 
modification of the Bloch equations for classical chemical-exchange [12]:
.^C/in. ƒ?, t) =  (?0(a, (3) -  A +  IÏ) G(a, (3, t) = S(a, (3) G(a, (3, t) (5.2)
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In this equation, G(a, (3, t) is a vector containing the complex magnetizations of each of 
the eight minima ( G ^  = + i M ^ ) ,  II is the exchange matrix described above, A is a 
diagonal matrix containing the transverse relaxation rates ( 1  / T 2), and Q (a, (3) is a diagonal 
matrix containing the angular resonance frequencies of 13CO in each of the eight minima. 
The NMR signal as a function of time (FID) is just the sum over the eight components of 
the magnetization vector G(a, ¡3, t), i.e., e-G (a , ¡3, t) with e =  (1,1,,,, 1), The Euler angles 
(a, (3) describe the relative orientation of the molecule-fixed coordinate system (the cube 
of figure 5.7(a)) and the magnetic field vector. The transverse relaxation rates of the CO 
molecule in the eight different minima, contained in the A matrix, are all assumed to be 
equal and independent on (a, (3). An expression for the NME signal as a function of time 
e • G(a,f3 ,t)  and its Fourier transform e • g(a,/3,uj) in terms of the complex eigenvalues 
and eigenvectors of S(a, (3) and the initial magnetization vector G(a, ¡3, t0) can be obtained 
(details in reference 26),
The NME spectrum, after applying the Hahn-echo sequence, of a CO molecule jumping 
in the ‘minima’ cube at a specific orientation (a , (3) is now constructed using the expression 
for e ■ g(a, /3,lu) and the numerically obtained eigenvalues and eigenvectors of S(a, (3). The 
powder line shape is obtained by adding the single crystallites, using the method of Cheng et 
al. [27], The spectrum of a C6 0  molecule in CO intercalated C60, which at low temperature 
is overlapping the spectrum of CO, is approximated in the model by a combination of 
an isotropic line (high temperature spectra) and a CSA tensor (low temperature spectra) 
calculated using the constants obtained from the fit shown in figure 5.4(b), The total 
calculated static NME spectrum of CO intercalated C60, which is the sum of the CO and 
the C6 0  part, is convoluted with a single Gaussian or a single Lorentzian line shape function. 
The transverse relaxation broadening A v t 2 of CO in the exchange model is used to account 
for the difference between the line broadening of CO and of C60-
5.8 The m odel under fast exchange
All measured static NME spectra of both CO intercalated C6 0  samples have been fitted 
to the chemical-exchange model described above. In figure 5,8 a selection of spectra from 
figure 5,2 (solid curves) are shown together with the best fits (dashed curves). From both 
the measured and the fitted spectra shown in this figure the fitted C6 0  contribution has 
been subtracted in order to get a clear picture of the shape of the CSA tensor of CO as 
a function of the temperature. The sharp C6 0  NME line is well reproduced by a pure 
Gaussian line shape in the 298 K to 150 K temperature region and only a wiggle around 
140 ppm remains after subtraction of this line shape from the measured spectra. The rate 
constant ki  is not a stable fit parameter in the 298 K to 100 K temperature region, because 
these spectra are in the fast-exchange limit and the exchange rate is highly correlated with 
A ut2 describing the additional broadening of the CO line shape. Therefore, k\  is fixed 
at a high value (essentially infinite) during the fitting. In table 5,1 an overview of the 
non-trivial parameters belonging to the fitted spectra in the fast-exchange limit shown in 
figure 5,8 is given.
In figure 5,9 the energy difference between the two equivalent minima on the C3  axis
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F ig u re  5.8: Comparison o f the static NMR spectra of sample No. 2 measured in 5.17 T  
magnet (solid curves) and the calculated spectra fitted with the chemical-exchange model 
described in the text (dashed curves) as a function of temperature in the 245 K to 100 K 
region. From both the measured and the calculated spectra the fitted Cro line shape has been 
subtracted.
and the six equivalent minima off the C3 axis (AE), as obtained from the fitting of the 
measured NMR spectra of sample No, 1 and sample No, 2 to the exchange model, is 
plotted as a function of temperature. In the range between room temperature and 245 K, 
the obtained values for A E  show no significant deviation from an octahedral symmetry of 
the CO potential (AE  =  0 Oh) in agreement with the fee symmetry of the C60 lattice
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in this temperature region. The abrupt change of the line shape of CO between 245 K 
and 235 K corresponds in the chemical-exchange model to an abrupt change of AE  from 
around zero to a distinctly positive value. This corresponds to a symmetry lowering of the 
potential in which the CO molecule is moving from Oh to S q, caused by the orientational 
ordering transition of crystalline C60- The inverted sign of the anisotropy of the dynamical 
CO tensor (compare figures 5,2 and 5.4(a)) corresponds to a positive value of A E, implying 
that the CO molecules are preferentially oriented away from the C3 symmetry axis of the 
site.
It is evident from figure 5.9 that the value of AE  below the phase transition temperature 
is dependent on the sample, i.e., on the ratio of CO to C60, as well as on the tempera­
ture, where there is a trend to higher values of AE  with decreasing temperature. Using 
equation 5.1 together with the values of A Ep and A E h from the theoretical calculations, 
an increase of the fraction of p-oriented C60 molecules is expected to lead to an increase of 
the observed value of A E. The observed trend towards higher values of AE  with decreas­
ing temperature is therefore in agreement with the gain in the fraction of p-oriented Cro 
molecules when the temperature is lowered [23], The increase of the observed A E  values 
in going from the ‘poorly’ loaded sample No, 1 (11% occupancy of the octahedral sites) 
to the better loaded sample No, 2 (48% occupancy of the octahedral sites) is consistent 
with a further stabilization of the C60 molecules in the p-orientation by the presence of 
CO molecules in the octahedral sites of the C60 lattice [17], At a temperature of 150 K, 
the fraction of p-oriented C60 molecules in pristine C60 has been determined using neutron
Table 5.1: An overview o f the non-trivial parameters (apart from scaling and shifting pa­
rameters) belonging to the fitted spectra shown in figure 5.8. The value between parentheses 
is the uncertainty in the last digit, when this value is omitted the corresponding parameter has 
been fixed during the fitting . The parameters correspond to the rate constant for jumping to  
one o f the six equivalent minima (k\, k2=k\ exp(^Ai?/i?T)), the energy difference between 
the two equivalent minima and the six equivalent minima A E, the FWHM of the additional 
Lorentzian broadening o f the CO line shape Ai*r2, the area ratio o f the Cro isotropic line to 
the CO line shape the area ratio of the Cro tensor to the CO line shape i?tOTS, and the 
FWHM of the overall Gaussian broadening of the spectrum A isq.
T ki A E A J?1 Hso p1 Hens A vG
(K) (GHz) (cm” 1) (ppm) (ppm)
298 1.0 1(3) 3.1(2) 0.189(4) 0.0 5.0(1)
245 1.0 0(7) 5.2(2) 0.186(4) 0.0 5.4(1)
235 1.0 31.3(9) 4.7(4) 0.99(2) 0.0 5.0(1)
200 1.0 36.5(7) 5.7(3) 0.78(1) 0.0 5.5(1)
150 1.0 38.6(3) 7.7(2) 0.140(3) 0.0 8.7(2)
125 1.0 41.5(5) 14.6(7) 0.050(3) 0.57(2) 8.7(4)
100 1.0 39.7(5) 17.9(5) 0.0007(2) 0.81(2) 7.0(6)
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Figure 5.9: A plot o f AS, the energy difference between the two equivalent minima on the 
C 3  axis and the six equivalent minima off the C 3  axis, as a function of temperature obtained 
from the fitting  o f the measured static NMR spectra o f sample No. 1 (circles) and sample No. 2 
(squares) to the chemical-exchange model. The static NMR spectra of CO intercalated Cro 
sample No. 1 as a function o f temperature have been measured in the AM500 spectrometer 
and have partly been shown in chapter 2 .
powder diffraction as p=0,701 [28] while that of a CO intercalated C60 sample similar to 
our sample No, 2 has been determined using X-ray powder diffraction as />=0.81 I [17], 
Using these values for the fraction of p-oriented C60 molecules, the calculated energy dif­
ferences at 150 K are A /•.'(().701 )=32 cm”1 and A/-.'(0.81 l)=38 cm” 1 which are, probably 
fortuitously, in almost perfect agreement with the experimental values for AE  of sample 
No, 1 (close to pristine C60) and sample No, 2,
5.9 From fast to slow exchange
Below the glass transition of C60, the chemical-exchange model for the NMR line shape 
of CO that we have used so far is, strictly speaking, no longer applicable because of the 
presence of the several differently distorted ‘octahedral’ sites in the C60 lattice. Bearing 
in mind that the chemical-exchange model is still valid for the majority (63% in sample 
No, 2) of the CO molecules, the measured NME spectra of CO intercalated C60 between 
30 K and 4 K have been fitted with the chemical-exchange model anyway. In figure 5,10 
the measured static NME spectra of CO intercalated C60 sample No, 2 (solid curves) in 
the 30 K to 4 K temperature region are shown together with their best fit (dashed curves). 
From both the measured and the fitted spectra shown in this figure, the fitted CSA tensor
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F ig u re  5.10 : Comparison o f the static NMR spectra of sample No. 2 measured in 5.17 T  
magnet (solid curves) and the calculated spectra fitted with the chemical-exchange model 
described in the text (dashed curves) as a function o f temperature in the 30 K to 4 K region. 
From both the measured and the calculated spectra the fitted Cro tensor has been subtracted.
of C60 has been subtracted, making the peculiar behavior of the measured CO line shape 
in this temperature region directly visible. In table 5,2 an overview of the non-trivial 
parameters belonging to the fitted calculated spectra shown in figure 5,10 is given.
The NMR spectra of CO in this temperature region reflect the transition from a sit­
uation where the CO molecules are rapidly jumping between the different minima to a 
situation where the CO molecules are localized in one minimum on the NMR time scale.
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Table 5.2: An overview o f the non-trivial parameters (apart from scaling and shifting param­
eters) belonging to the fitted spectra shown in figure 5.10. The value between parentheses 
is the uncertainty in the last digit, when this value is omitted the corresponding parameter 
has been fixed during the fitting . The meaning o f the parameters is described in the caption 
of table 5.1, except for the overall broadening which now has a Lorentzian line shape with a 
FWHM of A v L.
T h A E A vt2 Rtens A ul
(K) (kHz) (cm”1) (ppm) (ppm)
30 361(40) 25.3(3) 3.1 0.10(1) 21.2(8)
20 39(2) 25.3 3.1 0.74(1) 25.6(6)
10 20(2) 25.3 3.1 2.76(4) 24.3(4)
7 5.1(2) 25.3 3.1 2.72(3) 22.4(3)
4 1.5(1) 25.3 3.1 2.52(3) 12.3(3)
This time scale is determined by the anisotropy of the CSA tensor of CO in the magnetic 
field, and in a magnetic field of 5,17 T it is on the order of 50 fis. In this transition region the 
experimental line shapes of CO can still be fitted rather well with the chemical-exchange 
model. The presence of the different sites and the high correlation of some parameters (e.g. 
the rate constant and line width) make it hard, however, to interpret the obtained values 
for the fit parameters in terms of the potential energy surface. At 4 K, the CO molecules 
are in the slow-exchange limit, and therefore the line shape of CO at this temperature 
resembles the CSA tensor of solid CO,
From the fit of the NMR line shape of CO at 4 K the rate constant for jumping from one 
minimum to another is determined to be lower than 1,5 kHz, This rules out the presence of 
quantum mechanical tunneling of the CO molecules between the six equivalent minima of 
the ‘octahedral’ sites with S G symmetry as is predicted from quantum mechanical calcula­
tions on CO intercalated C60 [1], The absence of this tunneling motion can be rationalized 
by disturbances in the S q symmetry of the potential due to zero-point librational motion 
of the C60 molecules in the lattice. From neutron scattering studies on pristine C60, these 
zero-point librations are expected to have an amplitude of approximately two degrees [29], 
which is sufficient to ‘quench’ the tunneling motion (details in chapter 4),
5.10 Conclusions
13CO gas can be intercalated in polvcrvstalline C60 in an almost 1 : 2 ratio as determined 
from MAS 13C NMR measurements. Solid-state 13C NMR spectra of 13CO intercalat­
ed Cfio have been measured from room temperature down to liquid helium temperature, 
A chemical-exchange model is constructed to describe the jump reorientations of a CO 
molecule in an octahedral site of the C60 lattice. In the region between room temperature 
and 100 K, the CO molecules jump rapidly relative to the NMR time scale (fast-exchange) 
between different orientations in the octahedral sites of the C60 lattice. The observed
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inverted sign of the anisotropy of the CSA tensor of CO in this temperature region is ra­
tionalized by a preference of the CO molecule to be aligned away from the C3 axis of the 
octahedral site. When cooling down from 30 K to 4 K, a transition from the fast-exchange 
limit to the slow-exchange limit is directly observed from the static 13C NMR spectra of 
CO, From the rate constant for jumping between different minima, as determined at 4 K, 
it is concluded that the tunneling motion of CO in the symmetric site as predicted by 
quantum mechanical calculations is absent.
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Chapter 6
Dynam ics of CO molecules in solid C6o 
as a function of cavity size1
Abstract
The rovibrational motion of CO intercalated in the octahedral site of solid C60 is monitored 
as a function of pressure via infrared (IE) absorption spectroscopy. The increased hindering 
of the motion of the CO molecule, when the pressure is tuned from ambient to 32 kbar, is 
reflected in a dramatic change in the observed IE  spectra, A large part of the transition 
from translationallv and rotationallv free molecules in a box to rigidly oriented molecules 
can thus be studied experimentally, and accurately described theoretically.
1 Adapted from: I. Holleman, G. von Helden, A. van der Avoird, and G. Meijer, Phys. Rev. Lett. 80 
(1998) 4899.
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6.1 Introduction
An intriguing possibility offered by the fullerenes, as already remarked by Kroto et al. 
in 1985 [1], is to experimentally study the dynamics of nearly free atoms and molecules 
confined to the inside of the carbon cages [2], Soon after a method was developed for the 
production of macroscopic amounts of fullerenes and first details about the structure of 
solid C60 became available, it was demonstrated that the sites in between the C60 spheres 
in the solid are equally well suited for holding atoms and small molecules [3], In this thesis, 
we have demonstrated that CO molecules can be efficiently squeezed into the octahedral 
sites of solid C60, and we have studied the dynamics of CO in the interstitial sites using 
infrared (IE) absorption and 13C nuclear magnetic resonance (NME) spectroscopy [4], 
Under ambient conditions, the dynamics of CO in solid C60 is observed to be the dynamics 
of a ‘stick’ in a rigid square box with walls that are curved inward, which as such is an 
example of a classically chaotic system [5],
A unique possibility offered by the intercalated samples is to experimentally modify the 
size of the box in which the guest molecule is moving by applying hydrostatic pressure. 
From X-ray analysis of pristine C60 it is known that, if put under pressure, the C60 molecules 
themselves are not significantly compressed, but merely move closer together against the 
relatively weak intermoleeular van der Waals forces [6,7], Ludwig et al. [6] have modified 
the commonly used Birch equation [8], describing the volume of a lattice as a function
Pressure (kbar)
F ig u re  6.1: The lattice constant of solid, pristine Cro as a function o f the external pressure 
as reproduced from Ludwig et al. [6 ] using their modified Birch equation and their constants. 
The abrupt decrease of the lattice constant with 0.05 A at a pressure of 3-4 kbar is the 
signature of the pressure induced sc <- fee orientational ordering transition. The maximum 
diameter of a sphere that can be contained by the octahedral site is obtained by subtracting 
the van der Waals diameter o f Cro ( « 1 0 . 0  A) from the lattice constant o f Cro-
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of pressure, by considering a lattice of incompressible shells instead of a lattice of points. 
This modification of the Birch equation results in an excellent fit to the measured lattice 
constant of pristine C60 as a function of pressure, and this fit is reproduced in figure 6,1 [6], 
By taking into account the van der Waals diameter of C60 («10,0 A), it can be seen from 
this figure that a moderate pressure of 32 kbar already leads to a reduction in the diameter 
of the sphere that can be enclosed in the octahedral site by 15%, For CO molecules in the 
site formed by the surrounding C60 molecules, this yields the possibility to dramatically 
influence the dynamics by decreasing the size of the box, and to study the transition from 
classically chaotic motion to harmonic librational motion around equilibrium orientations. 
In this chapter we report on the influence of the pressure on the rovibrational motion of 
CO in solid C60, as deduced from IE absorption spectroscopy,
6 .2  Experim ental
The experimental set-up used for the IE absorption measurements as a function of pressure 
is shown in figure 6,2, For these measurements, the CO intercalated C60 samples [4] are 
loaded in the sample chamber of a compact high-pressure cell and their IE transmission
Figure 6.2: Schematic view o f the experimental set-up used for the infrared (IR) measure­
ments as a function of pressure. The IR measurements are performed using a Bruker IR 
microscope in combination with a Fourier transform IR absorption spectrometer (Bruker IFS 
6 6 v). The high-pressure cell consists of two sapphire spheres (6.35 mm) on which facets have 
been polished perpendicular to the c axis. A brass gasket containing the (CO intercalated) 
Cfio sample is mounted in between the two sapphire spheres, and it can be pressurized by 
tightening of the screws on the silver steel mounting o f the sapphire spheres.
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spectrum is recorded using a Fourier transform IE  absorption spectrometer (Bruker IFS 
66v) in combination with an IE microscope. The high-pressure cell is of the type as 
described by others [9] and consists of two identical 6,35 mm diameter sapphire spheres 
mounted in two silver steel bases which can be pressed together by tightening of the screws 
on these bases. Facets of approximately 1,5 mm diameter have been polished on the 
sapphire spheres perpendicular to the c axis. It has been experimentally demonstrated 
that pressures above 100 kbar can be obtained with such a cell [10], The sample chamber 
is a small 0,5 mm diameter hole drilled in a brass gasket that is preindented down to 
approximately 30 ¡jlm thickness, and placed on the facet of one of the sapphire spheres. 
No pressure transmitting medium is used or needed as C60 may be seen to act as a perfect 
pressure transmitting medium itself [6], and as intercalation of C60 with species other 
than CO needs to be avoided [11], Sapphire is fully transparent from the ultraviolet to 
about 5 ¡xm (2000 cm”1) in the IE, and is thus well suited for a spectroscopic study in 
the spectral region of the CO stretch vibration (^Co=2143 cm”1). Unfortunately, the 
four allowed IE modes of C60 escape observation, but numerous combination bands above 
2000 cm” 1 can be used for relative pressure calibration and to monitor structural changes 
in the C60 lattice with pressure. Absolute pressure calibration is performed using the ruby 
fluorescence method [12],
6.3 IR absorption m easurem ents
In figure 6.3(a) the room temperature IE  absorbance of the CO intercalated C60 sample is 
shown in the 2000-2250 cm”1 region for zero pressure and for a pressure of 8,5 kbar. All 
sharp features in the zero pressure spectrum of the CO intercalated C60 sample are due 
to combination bands of C60 [13], and for comparison a room temperature, zero pressure, 
spectrum of pristine C60 is shown in figure 6.3(b), At zero pressure, the additional spectral 
structure due to the presence of CO can be recognized in the spectrum as a broad envelope 
throughout the 2050-2200 cm” 1 region with a peak centered around 2127 cm”1 [4], Upon 
increasing the pressure, the C60 combination modes shift to higher frequency and broaden 
slightly with a concomitant decrease in peak intensity. The CO resonance, on the other
Table 6.1: Frequency shifts of the dominant Cro combination modes with pressure in a 
pristine Cro sample. The frequency shifts have been calibrated using the ruby fluorescence 
method [12]. The value in parentheses is the uncertainty in the last digit.
V0 du/dp v0 dvfdp
(cm”1) (cm” 1/kbar) (cm” 1) (cm” 1/kbar)
2076.9(2) 0.44(2) 2348.8(2) 0.31(2)
2136.5(2) 0.35(2) 2677.9(2) 0.88(5)
2191.1(2) 0.45(2) 2737.1(2) 0.89(4)
2328.0(2) 0.35(2) 2911.2(2) 0.82(4)
Dynam ics as a function of cavity size 109
Frequency (cm 1)
Figure 6.3: Room temperature IR absorption spectra of (a) CO intercalated Cro at 0 kbar 
and at 8.5 kbar, and of (b) a thin film of pristine Cro under ambient conditions, measured at 
a spectral resolution o f 0.5 cm” 1.
hand, gains dramatically in peak intensity and becomes the dominant and most narrow 
feature in the spectrum for pressures above roughly 10 kbar. The observed frequency shift 
of the most prominent C60 combination modes with pressure is tabulated in table 6,1, 
The relative frequency shifts clearly fall in two categories, probably reflecting the different 
amounts of radial and/or tangential character in the corresponding combination modes [14], 
In figure 6,4 the room temperature IE  absorbance that is due to the presence of CO in 
the octahedral sites of solid C60 is shown in the 1950-2300 cm” 1 region for four different 
pressures. The spectra shown are the difference spectra of the IE absorbance spectra of 
a CO intercalated C60 sample and that of a reference pristine C60 sample, taken at the 
same pressure. Because of a slight mismatch in pressure and/or thickness between the 
CO intercalated C60 and the pristine C60 sample, the strongest combination bands (most 
notably around 2075 cm”1 and around 2190 cm” 1) are not completely corrected for using 
this procedure. It is evident from the spectra shown in figure 6,4 that the central peak 
becomes narrower and gains in intensity, at the cost of the intensity in the wings, when
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F ig u re  6.4 : Room temperature IR absorbance due to the presence of CO in the octahedral 
sites of solid Ceo as a function o f pressure, measured at a spectral resolution o f 0.5 cm” 1.
the pressure is increased. Not only do the wings decrease in intensity relative to the peak 
but they also flatten and actually extend substantially further with increasing pressure. 
The integrated intensity of the spectral structure due to CO stays the same (to within 5%) 
over the complete 0-32 kbar range. The central position of the CO peak is seen to shift 
to lower frequencies at a rate of —0.16(1) cm_1/kbar. Up to approximately 40 kbar, the 
observed changes in the spectra as shown in figure 6,4 are fully reversible. Around 50 kbar 
we observe a gradual decrease of the intensity of the C60 combination bands with time. 
Both in the pristine C60 sample and in the CO intercalated C60 sample the C60 bands are 
seen to be decreased by roughly a factor two when the sample is exposed to 50 kbar for a
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day. Similar observations have been made by others and are attributed to polymerization 
of C60 [14], As the box in which the CO moves becomes rather undefined in this case, we 
limit the data presented here to 32 kbar,
6.4 D etails on C0o under pressure
Prior to presenting the theoretical model, some details on the orientational order in (CO 
intercalated) C60 need to be discussed. It is well documented that solid C60 transforms from 
the ambient face-centered cubic (fee) rotator phase, to an orientationallv ordered simple 
cubic (sc) structure around 260 K [3], which is accompanied by a jump in the lattice 
constant of almost ^0,05 A, Below the first-order sc <— fee phase transition, apart from 
jump rotation between symmetry equivalent orientations, dynamic reorientation between 
two symmetry inequivalent orientations remains. These two orientations correspond to 
an electron-rich double bond on a C60 molecule facing an electron-poor region on each of 
its neighbors, either a pentagonal face (p-orientation) or a hexagonal face (/i-orientation). 
Under ambient pressure the p-orientation is energetically preferred, and gains in occupation 
relative to the /i-orientation when the temperature is decreased. The ratio between the 
p- and /i-orientation is frozen out and remains about 5 : 1 for temperatures below 90 K, 
the glass-transition temperature [15], When pressure is applied to a C60 sample, the 
transition temperature of the first-order phase transition increases linear with pressure at 
a rate of 10,4 K /kbar [16], implying that an orientationallv ordered sc phase exists at 
room temperature for pressures above 3-4 kbar. The room temperature sc phase above 
4 kbar is the same ordered structure as the one found at ambient pressure below 260 K 
[17], As, however, the lower energy p-orientation has a substantially larger volume than 
the /i-orientation, pressure favors the /i-orientation, and there is evidence that a room 
temperature C60 sample at pressures somewhere above 10 kbar predominantly consists of 
h-oriented molecules [18,19], The phase diagram of CO intercalated C60 is not known 
in the same detail yet, but from a recent X-ray analysis (see chapter 3) under ambient 
pressure it is concluded that the presence of CO in the octahedral sites does not change 
the low temperature crystal structure, apart from a slight (0,015-0,030 A) increase in the 
lattice constant. Interestingly enough, CO apparently further stabilizes the lowest energy 
p-orientation, leading to an observed ratio between the p- and /i-orientation of 12,5 : 1 at 
25 K [20], which can in part explain the observed dilatation of the lattice upon intercalation 
with CO,
6.5 Theoretical calculations
In order to understand the observed pressure effects in the IE  spectrum, quantum me­
chanical model calculations are made. The interaction of a molecule like CO with the 
surrounding C60 molecules in the solid is due to van der Waals interactions and steric 
hindrance; it can be represented by an atom-atom potential. We assume that rigid C60 
molecules with a fixed orientation are positioned on an fee lattice. The potential felt by 
CO is due to the combined interaction with the surrounding C60 nearest and next-nearest
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F ig u re  6.5 : Calculated IR absorption spectra o f CO in the octahedral sites o f solid Cro for 
four different values o f the lattice constant, corresponding to the four experimental situations 
shown in figure 6.4 assuming the same compressibility for CO intercalated and pristine Cro (see 
figure 6.1). The calculations have been performed with all Cro molecules in the p-orientation 
(solid lines) and with all Cro molecules in the /i-orientation (dashed line).
neighbors, and is rather sensitive to the orientation of the C60 molecules. In this potential 
we calculate the center of mass, i.e., translational, motions of the CO molecule, as well 
as its (hindered) rotations, implying a total of five degrees of freedom. Because of the 
rather complex shape of the van der Waals potential surface, there is strong translation­
rotation coupling and quantum mechanical tunneling between equivalent minima, so that 
a full five-dimensional quantum mechanical treatment [4, 21] has to be given. First we
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calculate the bound states for a rigid CO molecule inside this potential and next, with 
the aid of a dipole function which represents the CO stretch transition dipole moment, we 
synthesize the room temperature IE absorption spectrum. This procedure is repeated for 
different values of the lattice constant corresponding to the different pressures used in the 
experiments.
An aspect that is not considered in the theory is that the C60 lattice is not rigid. This 
would have to be taken into account by including also the lattice dynamics of solid C60 
or, in other words, by including the coupling with the phonons and librons of the lattice 
that give rise to periodic deformations of the cavities. Above the orientational ordering 
phase transition [3], the motions of C60 in the lattice will mainly give rise to spectral line 
broadening. Since below the orientational ordering phase transition the motions of the C60 
molecules are severely restricted [22], substantially less line broadening is expected in this 
case. This is evidenced in figure 6,4 as an abrupt narrowing of the central peak in passing 
the phase transition between 3,2 and 8,5 kbar. As details on the broadening mechanism 
are not known at this stage, the calculated stick spectra for lattice constants corresponding 
to the pressures used in figure 6,4 are convoluted with a Gaussian line shape with a full 
width at half maximum of 2,5 cm”1. The calculated spectra are shown in figure 6,5, The 
central peak in these spectra corresponds to the excitation of the pure CO stretch vibration, 
the wings are due to sideband transitions between levels associated with the translational 
vibrations and librations of CO in the cavity, starting from all thermally populated lower 
levels. Both the experimentally observed increase of the central peak and the broadening 
and flattening of the wings with increasing pressure are well reproduced in figure 6,5,
If we assume the C60 molecules to be perfect spheres, then there are eight equivalent 
‘pockets’ in each octahedral cavity in which the CO molecule can be located, with equilib­
rium orientations of the CO axis along the body diagonals of the conventional cubic cell. 
When the Cro molecules are orientationallv ordered, the symmetry of the site is reduced 
to S G. It is found that the six symmetry equivalent minima off the C3 axis are the global 
minima, while the two symmetry equivalent minima on the C3 axis represent local mini­
ma [4], In figure 6.6(a) the depth of the global minima is shown as a function of lattice 
constant, and is seen to be rather constant over the range probed in the experiments. At 
the same time the barrier for jumping between equivalent global minima, which is shown 
in figure 6.6(b), is seen to significantly change, however. This change of the barrier with 
lattice constant will severely restrict the motion of CO with increasing pressure, which 
explains the increase of the central peak in the IE  absorption spectrum. The broaden­
ing of the wings in figures 6.4 and 6.5 is caused by an increase in the frequencies of the 
translational vibrations and librations of CO with the reduction of the cavity size.
The calculation with the smallest lattice constant, to be compared to the spectrum at 
32 kbar, is performed both for all C60 molecules in the p-orientation (solid line, figure 6.5) 
and for all C60 molecules in the /i-orientation (dashed line, figure 6.5). Although not 
conclusive, the experimental data are in best agreement with the /i-orientation, which is 
the preferred orientation for pristine C60 at high pressure as well.
The agreement between theory and experiment shows that CO intercalated C60 truly 
behaves as a ‘molecule in a box’ and that a large part of the transition from translation-
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Figure 6.6: (a) Calculated minimum potential energy o f CO in the octahedral site o f solid 
Cfio and (b) calculated lowest barrier between two symmetry equivalent global minima as a 
function of lattice constant. Note that the horizontal scale is chosen such that the pressure 
on the Cfio lattice increases from left to right. The maximum diameter of the sphere that 
can be enclosed in the octahedral site is equal to the lattice constant minus the van der 
Waals diameter of a Cro molecule («10.0 A). The calculations have been performed with 
all Cfio molecules in the p-orientation. The dots indicate the lattice constants used in the 
calculations shown in figure 6.5 and correspond to the pressures used in the experiments 
shown in figure 6.4.
ally and rotationally free molecules in a box to rigidly oriented molecules can be studied 
experimentally and described accurately by theory.
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Sam envatting
Dynam ica van CO in kristallijn C6o
Een deeltje in een potentiaal put, ofwel een deeltje opgesloten in een goed gedefinieerde 
kooi, is een schoolvoorbeeld uit de quantummechanica, In de experimenten beschreven 
in dit proefschrift hebben we dit quantummechanische modelsvsteem weten te benaderen 
door een koolmonoxide (CO) molecuul te plaatsen in een goed gedefinieerde holte van een 
kristalrooster opgebouwd uit C60 moleculen (‘Buckyballen’), Met behulp van een aantal 
spectroscopische technieken, zoals infrarood (IE) absorptie spectroscopie en kernspinreso­
nantie (NME), konden we de beweging van de CO moleculen in de holtes van het C60 
rooster tot in detail bestuderen. Door de resultaten van deze metingen te vergelijken met 
quantummechanische berekeningen probeerden we te begrijpen hoe deze kleine rammelaars 
rammelen.
Om het quantummechanische modelsvsteem experimenteel te realiseren is een verza­
meling van kooien vereist die allemaal even groot zijn, een hoge symmetrie hebben en 
toegankelijk zijn voor een scala aan experimentele technieken. Met behulp van het Cro 
molecuul is deze verzameling van holtes goed te realiseren. Het Cro molecuul, een geheel 
uit koolstofatomen opgebouwd molecuul met de hoogst mogelijke puntgroep symmetrie, 
is in 1985 ontdekt door Kroto, Curl en Smalley, Zij ontvingen in het najaar van 1996 
voor deze ontdekking de Nobelprijs voor de chemie, De zestig koolstofatomen in het C60 
molecuul vormen een netwerk van twaalf vijfhoekige en twintig zeshoekige vlakken die op 
dezelfde wijze zijn gerangschikt als de vlakken op een voetbal, In figuur l,2(a) van hoofd­
stuk 1 is deze ‘moleculaire voetbal’ met een diameter van ongeveer 1,0 nm schematisch 
afgebeeld, C60 is het prototype van een hele familie kooivormige koolstof moleculen, de 
fullerenen. Naast bijvoorbeeld grafiet en diamant, is dit een andere verschijningsvorm van 
puur koolstof,
De meest voor de hand liggende manier om C60 als kooi te gebruiken is de holte in 
het molecuul te benutten. Het blijkt inderdaad mogelijk om een C60 molecuul te ‘vullen’ 
met bijvoorbeeld een edelgas atoom, maar de ‘vullingsefficiëntie’ is relatief gering (< 1%), 
Er bestaat echter een geheel andere wijze waarop de C60 moleculen kooien kunnen leve­
ren, namelijk door gebruik te maken van kristallijn C60- Kristallijn C60 is in feite niets
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anders dan een zeer efficiënte opeenstapeling van de individuele C60 moleculen, In dit 
kristalrooster bevinden zich tussen de gestapelde moleculen drie holtes per C60 molecu­
ul, twee tetraëdrische holtes en één octaëdrische holte, De tetraëdrische en octaëdrische 
holtes in kristallijn C60 zijn schematisch weergegeven in figuur 1,1 (a) van hoofdstuk 1, De 
octaëdrische holte is met een diameter van ongeveer 0,41 nm vergelijkbaar in grootte met 
de holte in het C60 molecuul; en aanzienlijk groter dan de tetraëdrische holte, De Van 
der Waals binding tussen de C60 moleculen in het kristal is veel zwakker dan de covalente 
binding tussen de koolstofatomen in C60, zodat de holtes tussen de C60 moleculen veel 
eenvoudiger te ‘vullen’ zijn met een ander molecuul, dan bij de holte in C60 het geval is.
Het CO molecuul is zeer geschikt om te fungeren als deeltje in de kooi gevormd door de 
opeengestapelde C60 moleculen. Met een Van der Waals lengte van ongeveer 0,45 nm past 
CO krap in de octaëdrische holtes van het C60 kristalrooster. Bovendien kan CO worden 
gedetecteerd en bestudeerd via onder andere infrarood spectroscopie en kernspinresonantie, 
De experimenten en berekeningen beschreven in dit proefschrift zijn bedoeld om de unieke 
dynamica van de CO moleculen, geïsoleerd in de holtes van kristallijn C60, tot in detail te 
ontrafelen,
In zekere zin kan het experimenteel bestuderen van CO in kristallijn C^o worden 
beschouwd als een vorm van matrix-isolatie spectroscopie, een techniek waarmee spec­
troscopie wordt verricht aan geïsoleerde (instabiele) moleculen, In het eerste, inleidende 
hoofdstuk is een overzicht gegeven van de ontwikkeling van de matrix-isolatie techniek en 
wordt een serie voorbeelden belicht van hedendaagse toepassingen van deze techniek. Ver­
volgens komen een aantal eigenschappen van kristallijn C60 aan bod die relevant zijn voor 
het gebruik van C60 als matrix, zoals de structuur, de infrarood spectra en de kernspinre­
sonantie spectra.
Hoofdstuk 2 is te beschouwen als een inleiding tot het bestudeerde systeem van CO in 
kristallijn C60- Er wordt beschreven hoe door middel van synthese bij hoge druk en hoge 
temperatuur bijna alle octaëdrische holtes in het C60 kristalrooster kunnen worden ‘gevuld’ 
met een CO molecuul. Het blijkt dat deze samples stabiel zijn onder normale condities, 
ondanks het feit dat de dichtheid van CO in het C60 rooster equivalent is aan die van een 
gas bij een druk van ongeveer 50 atmosfeer. Bij verwarming komt het CO gas weer vrij en 
blijkt ook het kristallijn C60 nog intact, zodat de opslag van het CO gas in het C60 rooster 
een reversibel proces is, De eerste infrarood en kernspinresonantie metingen aan CO in 
kristallijn C60, die een glimp van de interessante dynamica van het opgesloten CO laten 
zien, worden gepresenteerd. Resultaten van deze metingen zijn geïnterpreteerd met behulp 
van quantummechanische berekeningen aan dit modelsvsteem,
In hoofdstuk 3 staan de effecten centraal die de aanwezigheid van de CO moleculen in de 
holtes van het C60 rooster heeft op de structuur en op de fase-overgangen van het kristallijn 
Cao poeder. Door middel van Röntgen verstrooiing is bij lage temperatuur de structuur 
van kristallijn C60 met en zonder CO gas bepaald. Het blijkt dat de opeenstapeling van de 
Cao moleculen in het kristal nauwelijks wordt beïnvloed door de aanwezigheid van CO, Uit 
de metingen volgt bovendien dat de CO moleculen inderdaad de octaëdrische holtes van 
het Cao kristalrooster bezetten. Verder zijn de temperaturen van de fase-overgangen van 
kristallijn C60 met en zonder CO bepaald door de specifieke warmte van het C60 poeder te
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meten als functie van de temperatuur, De beide fase-overgangen van kristallijn C60 ver­
schuiven door aanwezigheid van CO in de octaëdrische holtes naar een lagere temperatuur.
Een zeer uitgebreide studie naar de beweging van CO in kristallijn C60 met behulp 
van infrarood absorptie spectroscopie vormt de basis van hoofdstuk 4, Het blijkt dat bij 
kamertemperatuur de CO moleculen kunnen roteren in de octaëdrische holtes van het C60 
rooster. Bij verlaging van de temperatuur wordt de beweging van CO meer en meer gehin­
derd door de interactie met de omringende C60 moleculen, De mate van hindering van 
de beweging van CO in het kristallijn C60 is vergelijkbaar met die van CO opgelost in 
een vloeistof, De overeenstemming tussen de gemeten infrarood spectra en de quantum­
mechanisch berekende spectra is zeer goed, De infrarood overgangen als gevolg van het 
rammelen van CO in de kooi zijn waargenomen bij lage temperatuur en ze zijn gedeeltelijk 
geïnterpreteerd aan de hand van de berekende spectra, De eerste infrarood spectra van 
CO in kristallijn C70 als functie van de temperatuur worden hier gepresenteerd.
Hoofdstuk 5 gaat dieper in op de kernspinresonantie metingen, verricht aan CO in 
kristallijn C60- Uit deze metingen komt ook naar voren dat de gekooide CO moleculen bij 
kamertemperatuur bijna vrij kunnen roteren, wat in overeenstemming is met de infrarood 
metingen. Bij verlaging van de temperatuur blijkt het kernspinresonantie spectrum van CO 
uitermate gevoelig voor details van de kooi die corresponderen met de specifieke oriëntaties 
van de C60 moleculen in het kristalrooster. Tevens wordt dan de snelheid waarmee de CO 
moleculen van oriëntatie veranderen steeds lager. Uiteindelijk, bij een temperatuur van 
ongeveer 4 K, staan de CO moleculen zo goed als stil op de karakteristieke tijdschaal van de 
meting. Met behulp van een klassiek ‘chemical-exchange’ model zijn de kernspinresonantie 
spectra van het gekooide CO molecuul als functie van de temperatuur gesimuleerd, De 
overeenstemming tussen de berekende en gemeten spectra is goed en het blijkt mogelijk 
om details van de interactie potentiaal tussen CO en de omringende C60 moleculen te 
achterhalen,
In de metingen die zijn beschreven in het laatste hoofdstuk is gebruik gemaakt van 
een unieke mogelijkheid die het onderzochte systeem biedt. Wanneer er druk op het C60 
kristalrooster wordt uitgeoefend, vervormen de C60 moleculen niet maar gaan ze alleen 
dichter bij elkaar zitten. Dus de holtes tussen de C60 moleculen kunnen op een goed 
gedefinieerde manier kleiner gemaakt worden door een verhoging van de externe druk. 
Door middel van infrarood metingen is op deze wijze de dynamica van CO bestudeerd 
als functie van de grootte van de kooi, De meetresultaten zijn vergeleken met berekende 
spectra. Uit de overeenstemming tussen de gemeten en de berekende spectra blijkt dat CO 
in kristallijn C60 daadwerkelijk kan worden beschouwd als een molecuul in een kooi.
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